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Simulation unkonventioneller Kraftstoffe für
die dieselmotorische Verbennung
Zusammenfassung
Gegenstand dieser Arbeit ist die “computational fluid dynamics” (CFD)
Simulation der dieselmotorischen Verbrennung unkonventioneller Kraftstoffe.
Diese bestehen aus einer Diesel/Benzin Mischung, Di-Methyltetrahydrofuran
(2-MTHF), einer Mischung aus 2-MTHF und Di-n-Butylether (DnBE), n-
Octan, DnBE und n-Octanol. Experimentelle Daten zweier verschiedener
Dieselmotorprüfstände stehen zum Vergleich und zur Validierung der Sim-
ulationsergebnisse zur Verfügung. Gute Ergebnisse werden im Bezug auf
Druckkurven, Wärmefreisetzungsraten und Schadstoffemissionen erreicht. Der
Einfluss der Kraftstoffeigenschaften wird analysiert und detaillierte Einsichten
in die Zusammenhänge von molekularer Struktur der Kraftstoffe und deren
Verbrennungseigenschaften werden gewonnen. Die Simulationen werden mit
dem Representative Interactive Flamelet (RIF) Modell durchgeführt, welches
schon vielfach zur Simulation dieselmotorischer Verbrennung verwendet wurde.
Durch die Verwendung detaillierter chemischer Reaktionsmechanismen berück-
sichtigt das RIF Modell Selbstzündung im Niedertemperatur- und Hochtem-
peraturbereich, die Wärmefreisetzung bei der Verbrennung und die Bildung
von Schadstoffen. Zur Simulation der neuartigen Kraftstoffe in dieser Arbeit
müssen die Modellierungsansätze angepasst und die zugrundeliegenden An-
nahmen überprüft werden. Zur Validierung der Spray-Simulation und um die
Modellparameter des Strahlzerfall-Modells anzupassen, werden Simulationen
eines Spraykammer-Experiments mit verschiedenen Kraftstoffen durchgeführt
und mit den entsprechenden experimentellen Daten verglichen.
Zunächst wird eine Mischung aus Diesel und Benzin mittels Simulation und
Experiment analysiert. Ziel des Experiments ist, die Zündfähigkeit des Kraft-
stoffs zu reduzieren um eine längere Zeit für die Gemischbildung und somit
eine Niedertemperaturverbrennung zu ermöglichen. Dies ist ein erster Schritt,
die Eigenschaften eines Kraftstoffs an die Anforderungen eines speziellen
Brennverfahrens anzupassen. Ein Ersatzkraftstoff-Gemisch wird verwendet,
um die Reaktionschemie des Diesel/Benzin-Gemisches zu beschreiben. Dies
ist ein üblicher Modellierungsansatz für komplexe flüssige Kohlenwasserstoff-
Kraftstoffe. Die Zusammensetzung des Ersatzkraftstoffs wird so gewählt,
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daß sie verschiedene kinetische Eigenschaften des experimentellen Kraftstoffs
abbildet. Im Experiment werden erhöhte Emissionen von Kohlenmonoxid und
relativ hohe Stickoxid-Emissionen beobachtet. Die Simulationen zeigen wo
diese Schadstoffe gebildet werden, wie dies mit den geänderten Kraftstoffeigen-
schaften zusammenhängt, und wie die Emissionen möglicherweise reduziert
werden könnten.
Im Folgenden werden reines Di-Methyltetrahydrofuran (2-MTHF) und eine
Mischung aus 2-MTHF und Di-n-Butylether (DnBE) untersucht. In diesel-
motorischen Experimenten werden vielversprechende Ergebnisse mit diesen
Biokraftstoff-Kandidaten erzielt. Die Reaktionschemie der Kraftstoffe wird
mit einem Ersatzkraftstoff-Gemisch beschrieben, was einen neuen Aspekt
hinsichtlich der Anwendung solcher Gemische darstellt. In diesem Fall wird
nicht ein Gemisch von hunderten oder sogar tausenden Kohlenwasserstoffen
durch eine reduzierte Anzahl an Kraftstoffen modelliert, sondern das Verhal-
ten eines reinen und eines zwei-Komponenten Kraftstoffs mit nur ungenau
beschriebener Reaktionskinetik wird durch eine Mischung von Ersatzkraftstof-
fen beschrieben. Die Methodik zur Bestimmung der Zusammensetzung dieser
Mischung wird detailliert beschrieben. Vergleiche mit dieselmotorischen Exper-
imenten und Experimenten im homogenen Reaktor bestätigen den generellen
Ansatz und insbesondere die Methodik zur Bestimmung der Ersatzkraftstoff-
Zusammensetzung. Darüber hinaus erlaubt der Ansatz detaillierte Einblicke
in die Schadstoff-Entstehungsprozesse im Motor.
Abschließend werden die drei n-C8 Kraftstoffe n-Octan, DnBE und n-
Octanol untersucht. Diese Kraftstoffe haben eine sehr ähnliche Molekül-
struktur, aber sehr unterschiedliche Eigenschaften hinsichtlich Einspritzung,
Zündung und Verbrennung. Sie sind ein gutes Beispiel um den Einfluss kleiner
Unterschiede in der Moleküstruktur zu untersuchen. Zur Simulation dieser
Kraftstoffe stehen detaillierte Reaktionsmechanismen zur Verfügung. Die
Ergebnisse werden analysiert um die jeweiliegen Effekte von Gemischbildung,
Kraftstoff-Stöchiometrie und Reaktionskinetik zu verstehen. Die Schadstoffe-
missionen hängen wesentlich von der zur Gemischbildung verfügbaren Zeit ab,
die durch die Cetanzahl der Kraftstoffe sehr gut wiedergegeben wird. Die deut-
lich geringere Cetanzahl von n-Octanol im Vergleich zu n-Octan wird durch
Analyse von Motorsimulationen und Berechnungen im homogenen Reaktor
erklärt. Diese Kraftstoffe haben sehr ähnliche Zündverzugszeiten im homoge-
nen Reaktor, aber recht unterschiedliches Zündverhalten bei dieselmotorischen
Bedingungen. Es kann gezeigt werden, daß hierfür die Stöchiometrie der Kraft-
stoffe eine deutlich größere Rolle spielt als das ebenfalls sehr unterschiedliche
Einspritzverhalten.
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Abstract
This study focuses on computational fluid dynamics (CFD) simulations
of diesel engine combustion of unconventional fuels. The fuels are: A
diesel/gasoline blend, di-methyltetrahydrofurane (2-MTHF), a blend of 2-
MTHF and di-n-butylether (DnBE), n-octane, DnBE, and n-octanol. Ex-
perimental data from two different diesel engine test benches are available
for comparison and validation of the simulations. Good results regarding
pressure traces, heat release rates, and pollutant emissions are obtained. Fuel
property effects are analyzed individually and detailed insights into the inter-
dependencies of fuel molecular structure and combustion behavior are gained.
Simulations are perfomed using the Representative Interactive Flamelet (RIF)
model, which has been applied in many studies modeling compression ignition
in internal combustion engines. By the use of detailed chemical reaction
mechanisms, the RIF model inherently accounts for low and high temperature
auto-ignition, heat release, and pollutant formation. For simulation of the
novel fuels in this study, the modeling approaches had to be adapted and
assumptions had to be reassessed. To validate the spray representation and
to set the model parameters of the liquid breakup model, simulations of a
spray vessel experiment using several fuels are performed and compared to
the respective experimental data.
The first fuel to be analyzed by simulation and experiment is a diesel/gasoline
blend. Here, the experimental aim is to reduce the ignitability of the fuel
to enable longer premixing duration and thus low temperature combustion.
This presents a step towards tailoring a fuel’s properties to the requirements
of the combustion system. A surrogate fuel blend is used to describe the
reaction chemistry of the diesel/gasoline blend, which is a common modeling
approach for complex liquid hydrocarbon fuels. The surrogate composition
is chosen to match several kinetic properties of the fuel blend. Increased
emissions of carbon monoxide and rather high emissions of nitrogen oxides are
observed experimentally. The simulations show where these originate, how
this is related to the modified fuel properties, and how the emissions could
possibly be reduced.
The next two fuels in this study are neat di-methyltetrahydrofurane (2-
MTHF) and a blend of 2-MTHF and di-n-butylether (DnBE). As biofuel
candidates, these fuels have a very promising performance in the diesel engine
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experiments. Their reaction chemistry is described by a surrogate mixture,
which represents a new aspect to a reaction chemistry surrogate. Here, not a
mixture of hundreds or thousands of hydrocarbons is modeled by a reduced
set of fuels, like for the diesel/gasoline blend above, but one single and
one dual component fuel with only roughly known reaction chemistry are
modeled by a well defined mixture of fuel components. The methodology to
define this mixture is described in detail. Comparisons with diesel engine
experiments and homogeneous reactor experiments confirm the approach and
the methodology to define the surrogate composition, and demonstrate that
the approach allows for insights into the pollutant formation processes in the
engine.
The final set of fuels in this study are three n-C8 fuels, namely n-octane,
DnBE, and n-octanol. These fuels feature very similar molecular structures,
but very different spray formation, ignition, and combustion properties. As
such, they present an example to understand the influence of small changes
in molecular structure on the combustion behavior. For the simulations of
these fuels, detailed reaction mechanisms are used. Results are analyzed to
investigate the effects of mixture formation, fuel stoichiometry, and reaction
chemistry individually. Pollutant emissions are found to be mainly dependent
on the time available for premixing of the charge, as reflected by the cetane
ratings of the fuels. The substantially lower cetane rating of n-octanol
compared to n-octane is explained by analysis of engine simulations and
homogeneous reactor calculations. These fuels have similar ignition delay times
in homogeneous reactor experiments, but quite different ignition behavior in
engine relevant conditions. This is shown to be a strong effect of the fuel’s
stoichiometries, rather than being related to the very different spray properties
of the fuels.
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1 Introduction
Future needs for continuous mobility, energy security, and sustainability
necessitate the search for alternatives replacing fossil energy sources. The
finite nature of global resources and especially fossil fuel resources is a fact
that has received public attention ever since the report of the ”Club of Rome”
in 1972 [1]. While most of the predictions in this report have proven to be
inaccurate, especially regarding how long certain fuels will be available, the
underlying message of finite global resources remains valid. The combustion of
huge amounts of fossil fuels since the beginning of the industrial revolution in
the early 19th century has led to a substantial increase in atmospheric carbon-
dioxide (CO2) levels [2]. In addition, pollutants from combustion, like nitrogen
oxides (NOx), carbon-monoxide (CO), soot, and unburned hydrocarbons
(uHC) are harmful to the human respiratory system and adversely affect air
quality.
Renewable energies, i.e. energy from wind, sun, or biomass could solve
the problems of energy security and sustainability. However, there are nu-
merous technical and economical obstacles that prevent the straighforward
implementation. For example the storage of electricity from wind or sun is
an unsolved and potentially unsolvable problem. Nature stores energy in
macro-molecules like starches, sugars, oils, and lignocellulosic biomass. The
storage of renewable energies in molecules, in other words the production
and use of fuels from biomass, is one attractive option [3]. In contrast to
the scenario of an electricity-based mobility in the future, the use of biofuels
would allow the continued use of existing cars and refueling infrastructure.
The holistic development of such fuels as a combination of biomass processing
and combustion technology has proven to be a research area with a high need
for interdisciplinary cooperation between natural and engineering sciences.
In this context, the Cluster of Excellence ”Tailor-Made Fuels from Biomass”
(TMFB) at RWTH Aachen University was established in 2007 as part of the
Excellence Initiative by the German Research Foundation in order to develop
new, biomass-based, synthetic fuels for mobile applications.
In the late 19th century, Rudolf Diesel tried to build an internal combustion
engine that reaches the theoretically possible thermodynamic efficiency [4].
While he failed to reach this ambitious goal for obvious reasons, in 1897
he managed to build and operate a very fuel efficient engine. Due to high
1
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compression ratios, thermodynamic efficiencies superior to other internal
combustion engines are reached and the diesel engine is the engine of choice
wherever fuel efficiency is of primary concern. However, the injection of a
liquid fuel into hot compressed oxidizer, which is characteristic of the diesel
engine combustion process, has specific drawbacks. Due to the limited time
available for mixing of fuel and oxidizer before ignition commences, fuel rich
regions are present in the cylinder, where soot is formed. Soot formation
can be mitigated by high injection pressures and increased charge motion.
The increase in fuel injection pressure leads to a faster breakup of the liquid
spray core and increases turbulence and thereby turbulent mixing. The charge
motion also increases turbulence and mixing. Both measures yield a better
mixture formation and thus less very rich, soot-forming mixture. A related
problem of diesel engine combustion is the formation of nitrogen oxides (NOx),
which are formed at moderately lean conditions under high temperatures.
In a diesel engine, such conditions are typically present at the outer rim
of the combusting spray plume [5]. NOx formation can be supressed by
high rates of recirculated exhaust gases (EGR), which reduces the ambient
oxygen concentration and thereby combustion temperatures. Unfortunately,
high EGR rates yield increased soot emissions, a fact that is known as the
soot-NOx tradeoff in diesel engines. By the use of exhaust gas recirculation,
high pressure injection, split injections, and combustion system optimization,
large steps towards cleaner and even more fuel efficient diesel engines could
be made since Diesel’s first engine. Despite this progress, extensive exhaust
aftertreatment is required as well in on-road as in off-road applications to
comply to current emission legislations. This adds substantial cost, weight,
and complexity to diesel engine powertrains. New combustion modes like
premixed charge compression ignition, low temperature combustion, and
reactivity controlled compression ignition are promising, but hard to realize
across the entire engine operation range [6, 7].
In the optimization of the diesel engine, the fuel presents a further degree
of freedom that deserves to be fully understood. While the diesel engine in
principle is quite robust even to operation with low quality, unconventional
fuels, emissions from diesel engines depend strongly on the quality of the
fuel. Fuels with higher aromaticity, for example, have a stronger sooting
tendency. When using a low aromaticity fuel like synthetic gas to liquid (GtL)
fuel instead of conventional diesel fuel, the soot-NOx tradeoff is substantially
improved. By adapting the calibration of the engine to the changed fuel, even
further improvements in emissions are realized [8]. Further studies on fuel
effects can be found in [9, 10, 11, 12, 13, 14, 15, 16]. Changing the reactivity of
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the fuel changes the time available for premixing of fuel and air before ignition
commences. This is further exploited by reactivity controlled combustion,
where the reactivity of the charge is adjusted locally in the cylinder by mixing
two fuels with different reactivity [17].
To improve the understanding of in-cylinder processes, computational
fluid dynamic simulations have proven to be a valuable tool. Practically all
technical combustion processes take place in turbulent flow conditions. In
diesel engines, the turbulence of the flow field, which is generated during the
intake and compression stroke, is enhanced significantly by the fuel injection.
The relevant spatial scales of the flow field reach from the bore diameter of
the engine, which is typically in the order of ten centimeters for a light duty
engine, down to the Kolmogorov-length, which is about 1 µm in an engine.
To fully resolve the turbulent flow field in an engine by a direct numerical
simulation (DNS) is beyond the capabilities of current computing systems.
By resolving only the larger scale of the turbulence and modeling the smaller
scales, large eddy simulations (LES) are performed [18]. While a large eddy
simulation of an engine configuration is still a major task, a simulation using
the Reynolds averaged navier stokes equations (RANS) can be performed even
on a current personal computer. In RANS simulations only average quantities
are solved for and the influence of the turbulent scales on the flow is modeled.
This evidently introduces simplifications. However, relevant insights into flow
phenomena can be obtained and the RANS approach is widely used for engine
simulations.
For combustion reactions to take place, fuel and oxidizer have to be mixed
on a molecular level, which means combustion is governed by effects on even
smaller scales [19]. While fully resolving the flow field in an engine by a
DNS is practically unfeasible, this is especially true for a combustion problem
[20]. Nevertheless, to be able to gain insight into combustion problems by
means of simulations, numerous modeling approaches for combustion have
been developed in the past, see e.g. [19, 21].
In this study, simulations were perfomed using the Representative Inter-
active Flamelet (RIF) model [22, 23, 24], which has been applied in many
studies modeling compression ignition in internal combustion engines. The
RIF model resolves the laminar flame structure, which is always present on
the smallest scales of a diffusion flame, on a grid separate from the flow
problem. The interactive coupling of a RANS flow simulation to this laminar
flamelet adresses the multi-scale problem mentioned above and adequately
resolves the temporal and spatial scales relevant for turbulent combustion. A
general review of the model and its applications can be found in [25]. Using
3
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this approach, different engines were investigated, ranging from small dis-
placement volumes (300 cm3/cylinder) to marine diesel (4800 cm3/cylinder)
engines (see also [26, 27, 28, 29, 30]). By the use of detailed chemical reaction
mechanisms, the RIF model inherently accounts for low and high temperature
auto-ignition, heat release, and pollutant formation. A more detailed overview
of the numerical methods is given in Chapter 2.
This study was performed as part of the above described TMFB framework
and focuses on computational fluid dynamics (CFD) simulations of diesel
engine combustion using detailed reaction chemistry. From the combustion
engineering perspective, it is of primary interest to understand the interdepen-
dencies of fuel molecular structure and combustion performance in detail. For
diesel engine combustion, six different fuels, namely a diesel/gasoline blend, di-
methyltetrahydrofurane (2-MTHF), a blend of 2-MTHF and di-n-butylether
(DnBE), n-octane, DnBE, and n-octanol, were studied. Fuel property effects
are analyzed individually and detailed insights into the combustion behavior
are gained.
Three basic questions are dealt with in this study:
• How can combustion simulations for unconventional fuels be enabled?
Which adaptions have to be made to the modeling approaches and which
assumptions have to be reassessed?
• How can the chemical kinetics of novel fuels with only roughly known
reaction chemistry be described adequately in numerical simulations?
• How are the combustion properties of a fuel related to the molecular
and physical properties?
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2 Numerical Methods and Modeling
This chapter reviews the theoretical background and most important equations
of the simulation framework. It starts with a short description of the CFD
code and the underlying governing equations of fluid motion. The treatment
of the two-phase flow and the secondary breakup model are briefly described.
Following this, the laminar flamelet concept is introduced and the additional
equations for the coupling of the flamelet with the CFD code are described.
Finally, the RIF model is presented.
2.1 CFD code and governing equations of fluid motion
The CFD code used in this work is AC-FluX (formerly known as GMTEC), a
flow solver based on the finite volume method [31] that employs unstructured,
mostly hexahedral meshes. AC-FluX solves the partial differential equations
for mass and momentum, an equation for the total enthalpy (including heat
of formation), and two equations for the k-ε turbulence model. AC-FluX is
documented in Khalighi et al. [32] and in Ewald et al. [33].
In the following, a short overview of the governing equations, their averaging
for turbulent flows, and the closure problem emerging from this averaging is
given. Further details can be found e.g. in [34, 35].
Mass conservation is described by the continuity equation
∂ρ
∂t
+ ∂
∂xi
(ρui) = 0, (2.1)
where ρ denotes the fluid density, ui the velocity vector and xi the location
vector. The momentum equation relates the fluid acceleration to surface and
body forces as
∂
∂t
(ρui) +
∂
∂xj
(ρuiuj) = − ∂p
∂xj
+ ∂τij
∂xj
+ ρg, (2.2)
where the first term on the left hand side of Eq. 2.2 represents the local rate
of change and the second term the convection of momentum. The terms on
the right hand side are the pressure gradient, the viscous stress term, and the
fluid forces due to buoyancy with the gravitational acceleration g. The stress
tensor τij is written for constant property Newtonian fluids as
5
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τij = µ
(
∂ui
∂xj
+ ∂uj
∂xi
− 23δij
∂uk
∂xk
)
, (2.3)
where µ is the coefficient of viscocity of the fluid and δij the tensorial Kronecker
symbol.
According to Williams [36], the balance equation for the total enthalpy can
be written as
ρ
∂h
∂t
+ ρui
∂h
∂xi
= ∂p
∂t
+ ui
∂p
∂xi
− ∂jqi
∂xi
+ qR, (2.4)
where the two terms on the left hand side denote the local rate of change
and the convection of enthalpy. The term that describes frictional heating is
neglected here, because it is small for subsonic flows. The terms on the right
hand side are the transient pressure term, the convective change of pressure,
the heat flux term, and a source term due to radiation. The convective change
of pressure will be neglected in the following (low Mach approximation), while
the transient pressure term ∂p/∂t is retained to capture the global change of
pressure in the engine. Assuming unity Lewis numbers, equation 2.4 is then
written as
ρ
∂h
∂t
+ ρui
∂h
∂xi
= ∂p
∂t
+ ∂
∂xi
(
λ
cp
∂h
∂xi
)
+ qR. (2.5)
In internal combustion engines, flow and combustion are governed by multiple
effects, which take place on significantly different scales. The largest flow
structures in an internal combustion engine are of the order of centimeters
(e.g. bore, spray penetration), while turbulent mixing and spray breakup are
effective on smaller scales down to the Kolmogorov-length (about 1 µm in
an engine), being the smallest length scale of the turbulent flow field. The
length scale where molecular mixing and finally combustion reactions take
place is still about one order of magnitude smaller [19, 37]. This problem of
scales renders a direct solution of equations 2.1 to 2.5 impractical for engine
configurations. For typical engineering applications, the knowledge of mean
quantities is often sufficient. Decomposing the turbulent flow field in mean and
fluctuating quantities and applying Favre-averaging yields for the continuity
equation
∂ρ
∂t
+ ∂(ρu˜i)
∂xi
= 0, (2.6)
and for the momentum equation
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∂(ρu˜j)
∂t
+ ∂(ρu˜iu˜j)
∂xi
= − ∂p
∂xj
+ ∂
∂xi
ρ
(
ν
∂u˜j
∂xi
− u˜′′i u′′j
)
+ ρg. (2.7)
While equation 2.6 resembles equation 2.1 and contains only known quantities
of the mean flow, the velocity fluctuations u˜′′i u
′′
j in equation 2.7 appear as
an additional term compared to equation 2.2 and are unknown. This closure
problem implies that the influence of the unresolved fluctuations on the mean
flow has to be modeled. The Reynolds stress tensor −ρu˜′′i u′′j can be modeled
via the introduction of a turbulent viscosity νt as [19]
− ρu˜′′i u′′j = ρνt
[
∂u˜i
∂xj
+ ∂u˜j
∂xi
− 23δij
∂u˜k
∂xk
]
− 23δijρk˜. (2.8)
The kinematic eddy viscosity νt introduces the assumption of isotropy of the
turbulent fluctuations. While isotropy is usually a good assumption for the
small scales, it does not necessarily apply to the scales at which the average
quantities are defined. νt is related to the Favre averaged turbulent kinetic
energy
k˜ = 12 u˜
′′
i u
′′
i (2.9)
and its dissipation ε˜ by:
νt = cµ
k˜2
ε˜
, cµ = 0.09. (2.10)
The model constant cµ = 0.09 stems from empirical observation in regions
where the ratio of production to dissipation is of order unity [34]. The
introdcution of the Favre averaged quantities k˜ and ε˜ in equations 2.8 to 2.10
requires that model equations are given for these quantities. According to
Jones and Launder [38], these are written for the Favre averaged turbulent
kinetic energy k˜ as
ρ
∂k˜
∂t
+ ρu˜i
∂k˜
∂xi
= ∂
∂xi
(
ρνt
σk
∂k˜
∂xi
)
− ρu˜′′j u′′i
∂u˜j
∂xi
− ρε˜, (2.11)
and the dissipation rate ε˜ as
ρ
∂ε˜
∂t
+ ρu˜i
∂ε˜
∂xi
= ∂
∂xi
(
ρνt
σε
∂ε˜
∂xi
)
− cε1ρ ε˜
k˜
u˜
′′
j u
′′
i
∂u˜j
∂xi
− cε2ρ ε˜
2
k˜
. (2.12)
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Equation 2.12 cannot be derived in a systematic manner and is of semi-
empirical nature. The constants σk = 1.0, σε = 1.3, cε1 = 1.44, and cε2 = 1.92
are used according to Ref. [39].
2.2 Spray modeling
The liquid phase is modeled using the discrete droplet model (DDM) which
describes the spray using a Lagrangian method. Since the spray consists of
a large number of droplets, only the behavior of a representative subset of
all droplets (called parcels) is calculated in detail. The gas phase and the
liquid phase are coupled through source terms in the governing equations for
the gas phase. The spray is initialized with a Rosin-Rammler distribution
function for the droplet diameters. The disintegration of the already existing
droplets into smaller droplets due to aerodynamic forces caused by the large
velocity difference of the spray and the surrounding gas phase is called
secondary breakup. It is modeled here using the Kelvin-Helmholtz/Rayleigh-
Taylor (KH/RT) model [40, 41, 42, 43], which is a combination of the Kelvin-
Helmholtz and the Rayleigh-Taylor models for secondary breakup.
2.2.1 The Kelvin-Helmholtz model
The Kelvin-Helmholtz model is based on a first order linear analysis of a
Kelvin-Helmholtz instability growing on the surface of a cylindrical liquid jet
that is penetrating into an incompressible gas at a given velocity. The growth
of unstable surface waves on this jet then leads to shearing off of smaller
droplets. This theory was extended to surface instabilities on liquid droplets
by Reitz [40]. The growth rate Ω of the fastest growing and most unstable
surface wave is approximated by
Ω =
[
σ
ρlr30
]0.5
· 0.34 + 0.38 ·We
1.5
g
(1 + Z)(1 + 1.4 · T 0.6) , (2.13)
and the corresponding wavelength Λ of the surface wave is given as
Λ = r0 · 9.02(1 + 0.45 · Z
0.5)(1 + 0.4 · T 0.7)
(1 + 0.865 ·We1.67g )0.6
, (2.14)
where σ is the surface tension of the liquid, ρl and ρg the densities of liquid
and gas phase, r0 the radius of the droplet, Z =
√
Wel
Rel
the Ohnesorge number,
T = Z
√
Weg the Taylor number, Weg = ρgr0u
2
rel
σ the Weber number of
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the gas phase, Wel = ρlr0u
2
rel
σ the Weber number of the liquid phase, and
Rel = ρlr0urelηl the Reynolds number of the liquid jet. The size of the new
droplets is assumed to be proportional to Λ,
rnew = B0 · Λ, (2.15)
where B0=0.61 is a fixed constant. A new parcel containing product drops of
size rnew is produced and added to the computation, while the mass of the
parent drop and the corresponding radius r0 are reduced accordingly. This
results in a shrinking of the parent drop, whose rate is proportional to the
difference of the drop radii and the inverse of a characteristic breakup time,
τbu,
dr
dt
= −r − rnew
τbu
. (2.16)
τbu is approximated as
τbu = 3.788 ·B1 r
Λ ·Ω , (2.17)
where B1 is an adjustable model parameter. As mentioned above, nozzle
internal flow and primary breakup are not modeled, but substituted by a given
droplet size distribution. The influence of the turbulence level and nozzle
design on the spray breakup are included in the value of B1, which means
B1 is no universal model constant, but has to be adapted depending on the
actual nozzle design and operating conditions. According to Baumgarten [44],
values between B1 = 1.73 and B1 = 60 are proposed in the literature. In this
study, B1 = 40 is set for all spray and engine simulations (see Chapter 4). A
higher value of B1 leads to reduced spray breakup and increased penetration,
while a smaller value has the contrary effect.
2.2.2 The Rayleigh-Taylor model
The Rayleigh-Taylor model describes the instability of the liquid gas interface
at the back of the droplet due to the deceleration of the droplet by aerodynamic
forces. This instability leads to disintegration of droplets into several smaller
droplets. Unlike for the KH model, no parent drop of almost unchanged size
remains, but the droplets produced from this disintegration are all of roughly
the same size. The growth rate Ω and the corresponding wavelength Λ of the
fastest growing wave are modeled by [42]
9
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Ω =
√
2
3
√
3σ
[a(ρl − ρg)]3/2
ρl + ρg
(2.18)
and
Λ = C32pi
√
3σ
a(ρl − ρg) , (2.19)
with the deceleration of the droplet due to aerodynamic forces, a, and the
adjustable parameter C3. The break-up time tbu = τRT ·Ω−1 is found to be
proportional to the reciprocal of the frequency of the fastest growing wave and
a proportionality factor τRT . At t = tbu, the drop disintegrates completely
into small droplets whose radius dnew = Λ is assumed to be proportional to
the wavelength. The drop is only allowed to break up if Λ is smaller than its
diameter. The parameter C3 allows to modify the effective wavelength and,
similar to B1 in the KH model, includes the effects of nozzle internal flow
and primary breakup on the secondary breakup. By increasing C3, the size of
new droplets is increased and the likelihood of break-up events is decreased.
Values in the range of C3 = 1.0 - 5.33 are reported by Patterson and Reitz [42].
In this study, C3 = 0.2 is set for the simulations.
2.2.3 Combined KH/RT model
Drag deceleration and shear flow induced instabilities both are relevant for
the droplet breakup process [45]. Close to the nozzle, relative velocities of
droplets and surrounding gas are high, which results in a strong deceleration
and consequently strong proportion of RT breakup. Further away from
the nozzle, relative velocities are lower and the shear-induced KH breakup
becomes more important. The KH breakup model alone results in a bimodal
droplet size distribution of few big droplets, whose radii are slowly shrinking
according to Eq. 2.16, and a large number of smaller droplets with radius rnew.
Experiments [45] have shown that this bimodal size distribution is unrealistic
and that the disintegration of complete droplets into droplets much bigger
than rnew, as described by the RT breakup, is important especially in the
near nozzle region. For these reasons, the KH model is combined with the
Rayleigh-Taylor model.
Both models are implemented in a competing manner, i.e. they are allowed
to grow unstable waves simultaneously, and if the RT model predicts a break-
up within the actual time step, the disintegration of the whole drop according
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to the RT mechanism occurs. Otherwise the KH model will produce small
child droplets and reduce the diameter of the parent drop. However, in the
dense core region directly after the nozzle, the breakup predicted by the RT
model is too fast. To compensate for this, RT breakup is allowed only after a
certain distance L from the nozzle. This distance, or here the ratio of L to
the nozzle diameter d, Cdist = Ld , is subject to modification and, in addition
to the parameters of the KH and RT models individually, allows to fine tune
the breakup predicted by the combined model.
This results in a set of parameters for the KH/RT breakup model, namely
B1 to scale the breakup time, τbu, predicted from the KH model, the parameter
C3 to scale the size of new droplets created and thereby the likelyhood of
a breakup event predicted by the RT model, and the proportionality factor
τRT to scale the RT breakup time. Finally, the parameter Cdist specifies
the distance from the nozzle where RT breakup is prohibited. To obtain
meaningful results, all of these model parameters have to be carefully tuned
to experiments (see Chapter 4), giving the model a semi-empirical nature.
2.3 The laminar flamelet concept
The laminar flamelet concept views a turbulent flame as an ensemble of flamelet
structures attached to the instantaneous position of the flame surface, which
itself is corrugated by the turbulent flow field. The extremely temperature
dependent reaction rates of typical combustion reactions yield very fast fuel
consumption reactions, once a flame is fully ignited. This in turn leads to
a very thin layers in which reactions occur, the flamelet. If this layer is
thin compared to the size of a Kolmogorov eddy, it is embedded within the
quasi-laminar flow field of the eddy and thus the structure remains laminar.
If turbulence is so intense that the Komogorov eddies become small enough
to penetrate this layer, the flame is likely to extinguish.
The assumption of combustion occurring in thin, locally one-dimensional
layers was introduced by Williams [46]. Flamelet equations based on the
mixture fraction as independent parameter and using a scalar dissipation
rate to describe the turbulent mixing process were derived by Peters [47, 48].
These equations describe the one-dimensional flame structure in the vicinity
of the inner layer as a function of a conserved scalar. By convolution with
a probability density function (PDF), spatial and temporal distributions of
reactive scalars can be derived from the flamelet solution. These descriptions
are only of statistical nature, i.e. no information on single realizations can be
given. Reviews on the flamelet concept can be found in [47, 48, 23, 19].
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The introduction of the fuel mixture fraction Z as a chemistry independent
conserved scalar yields a description of the mixture field where all scalars
such as temperature, concentrations, and density are uniquely related to Z.
A review of the conserved scalar approach is given in Ref. [49]. In a two-feed
system with a fuel stream 1 and an oxidizer stream 2, the fuel mixture fraction
Z is defined at any location in the system as the local ratio of the mass flux
originating from the fuel feed to the sum of both mass fluxes
Z = m˙1
m˙1 + m˙2
. (2.20)
Z describes the local stoichiometry in non-premixed combustion, where a
mixture fraction value of Z = 0 corresponds to pure oxidizer and a value
of Z = 1 corresponds to pure fuel. As the flame location in non-premixed
combustion is primarily governed by local stoichiometry, it is straightforward
to use Z as the conserved scalar defining the flamelet location.
A coordinate transformation of the species transport equations to the
conserved scalar field is followed by an asymptotic analysis. This analysis
uses typical boundary layer arguments, utilizing the fact that scalar gradients
tangential to a Z-isosurface are asymptotically small compared to the gradients
normal to the surface. This yields a one-dimensional description of the flame
structure as function of the conserved scalar Z. The mass fraction Y of species
j is written as
∂Yj
∂t
− χ2
∂2Yj
∂Z2
− ω˙j
ρ
= 0, (2.21)
where χ denotes the scalar dissipation rate, ρ the density, and ω˙j the chemical
source term for species j, which is typically evaluated using detailed chemistry
calculations. The temperature in the flamelet is given by:
∂T
∂t
− χ2
∂2T
∂Z2
− 1
ρ
n∑
i=1
hi
cp
ω˙i = 0, (2.22)
where hi are the enthalpies and ωi the chemical source terms of the individual
species. In the derivation of equations 2.21 to 2.22, unity Lewis numbers and
equal diffusivities for all species are applied. The underlying model assumption
is that mixing and diffusion processes are dominated by the turbulent flow
field. Numerous experimental observations supporting this statement can
be found in the literature. A more detailed discussion on the importance of
molecular effects can be found in Ref. [37].
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2.4 Transport equations for flamelet coupling
In section 2.1 above, species transport and mixing have not been covered.
Species concentrations and chemical source terms are computed using the
RIF model, which will be described in section 2.5 below.
To couple the RIF model to the CFD calculations, passive scalar transport
equations for the Favre averaged fuel mixture fraction Z˜
ρ
∂Z˜
∂t
+ ρu˜i
∂
∂xi
Z˜ = ∂
∂xi
[
ρDt
∂Z˜
∂xi
]
+ ρ˜˙S, (2.23)
and the fuel mixture fraction variance Z˜ ′′2
ρ
∂Z˜ ′′2
∂t
+ ρu˜i
∂
∂xi
Z˜ ′′2 = ∂
∂xi
[
ρDt
∂Z˜ ′′2
∂xi
]
+ 2ρDt
∂Z˜ ′′2
∂xi
∂Z˜ ′′2
∂xi
− ρχ˜, (2.24)
are solved by the CFD Code according to Peters [19].
Here, χ˜ denotes the scalar dissipation rate, which is defined as
χ˜ = 2D˜|∇Z ′′|2, (2.25)
and is typically modeled as
χ˜ = Cχ
ε˜
k˜
Z˜ ′′2. (2.26)
The time scale ratio Cχ is assumed to be a constant. According to Ref. [19],
a value of 2.0 is used for the simulations in the remainder of this work.
Equation 2.23 contains no chemical source term, but a source term due
to evaporation of the fuel. The fuel mixture fraction Z remains constant
across arbitrary chemical reactions. Therefore, in the derivation of Equa-
tions 2.23, 2.24, and 2.26, the use of the gradient transport assumption which,
similar to Eq. 2.8, introduces the assumption of isotropy of the small scales,
was justified.
2.5 RIF model
The separate treatment of large-scale turbulent transport and small-scale
interaction of flow and chemical processes is of fundamental importance
for the RIF model and leads to a decoupling of time scales and spatial
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Figure 2.1: Structure of the Representative Interactive Flamelet concept.
discretization of these processes. This allows for solving the interaction of the
small-scale transport with the highly non-linear chemistry with time steps
much smaller than the CFD time steps. Additionally, the discretization of
the flame structure in phase space is independent of the spatial discretization
used in the CFD simulation, and the flame structure is accessible for detailed
analysis. The unsteady flamelet equations, Eq. 2.21, are the basis of the
RIF model. The scalar dissipation rate appearing in these equations is a
fluctuating quantity describing the local evolution of the mixing rate in a
flame element in a turbulent flow field [50]. The main assumption in the RIF
model is that these equations are solved with a representative value of the
dissipation rate that is typically taken as the mixture fraction-conditioned
average over the cylinder volume or a subset of it.
In Figure 2.1, the schematic flow diagram shows the interaction of the
computational fluid dynamics and the flamelet code. At every time step, the
CFD code passes the scalar dissipation rate conditioned on stoichiometric
mixture χ̂st and the mean pressure p̂ to the flamelet code. The flamelet
code solves equation (2.21) based on this information, the given initial and
boundary conditions, and a presumed shape for the dissipation rate
χ(Z) = χ̂st
f(Z)
f(Zst)
. (2.27)
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According to the solution for an unsteady mixing layer by [48], the functional
dependence of the scalar dissipation rate on Z is modeled as:
f(Z) = exp
(
− 2[erfc−1(2Z))]2), (2.28)
where erfc−1 is the inverse complementary error-function. For the flamelet
equations, time steps may be much smaller than the CFD time steps. The
solution yields species profiles for every species contained in the chemical
reaction mechanism. The species profiles as function of mixture fraction are
convoluted with a presumed PDF of mixture fraction, which is typically taken
to be a β-PDF [51]. The PDF is scaled by the mean and the variance of the
fuel mixture fraction in each individual CFD cell to calculate the mean species
mass fractions for the respective CFD cell. This yields the three-dimensional
time dependent species distribution including pollutants like CO and NOx,
heat release, and temperature.
15

3 Reaction kinetics
In this chapter, the detailed chemical reaction schemes which are used to
calculate the chemical source terms are presented. The chapter is divided
in two parts. In section 3.1, the surrogate approach for the reaction chem-
istry of the diesel/gasoline blend, 2-MTHF, and the 2-MTHF/DnBE blend
is presented. The individual surrogate compositions are derived and the
corresponding reaction mechanisms are described. In section 3.2, chemical
reaction mechanisms for DnBE, n-octanol, and n-octane are presented and
the fuel’s properties are compared to each other.
3.1 Reaction chemistry surrogates
Surrogate fuels are mixtures of components with known reaction chemistry,
compiled to match the behavior of a given fuel. Perhaps the most widely
known surrogate is the primary reference fuel, denoting a mixture of n-heptane
and iso-octane that can be used to describe the knocking propensity of gasoline.
Typically, surrogate fuels describe the reaction chemistry of fuels that are too
complex in composition to be modeled directly, as is the case for essentially
all fossil-based, liquid hydrocarbon fuels. Examples for such surrogates can
be found in [52, 53, 54, 55, 56] for diesel, gasoline, and jet fuels, respectively.
While in these examples good results are obtained using surrogate fuels, there
are obvious limitations for simple surrogates. For example, European premium
gasoline has a Research Octane Number (RON) of 95 and a Motor Octane
Number (MON) of 85. Octane numbers (ON) are defined such that the fuel
behaves like a mixture ON-% iso-octane with n-heptane in a standardized
engine test, with different boundary conditions for RON and MON. For diesel
fuel, n-heptane is often used as surrogate because it has the same cetane
rating. Evidently, aromaticity and H/C ratio can not be matched with such
simple surrogates. However, despite this issue these surrogates have often
been shown to lead to satisfactory results.
The surrogate approach presented here renders combustion simulations of
fuels with only roughly known reaction chemistry possible. Due to the use
of verified chemical reaction schemes, kinetic information is retained in the
approach and ignition, combustion, and pollutant formation can be modeled
with good accuracy, as will be shown in the results section below.
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3.1.1 Surrogate mechanisms
Mechanism for diesel-gasoline blend surrogate
A chemical reaction mechanism for a mixture of n-heptane, iso-octane, toluene,
and ethanol is used for the simulations of the diesel-gasoline blend. The original
mechanism was derived by Pitsch [57] and consists of 631 reactions among
139 chemical species. The mechanism accounts for low- and high temperature
auto-ignition, heat release and pollutant formation. A submechanism from
[58], which accounts for thermal, prompt, and nitrous oxide contributions
to NOx formation and NOx reburn by hydrocarbon radicals and amines, is
added, leading to a total number of 883 reactions and 157 chemical species.
Mechanism for biofuel surrogates
For the simulations of neat 2-MTHF and the 2-MTHF-DnBE blend, a chemical
reaction mechanism for a mixture of n-heptane, iso-octane, toluene, ethanol,
dimethylether, phenol, and ethane is used. These compounds are often and
widely used as surrogate compounds for petroleum fuels. Their mechanisms
have been well studied and thus ensure the prediction accuracy. DME is
added to the palette to represent the oxygenated part of 2-MTHF. Also this
component has been studied extensively and reliable chemical mechanisms
are available.
A detailed chemical kinetic mechanism for DME was taken from Fischer et
al. [59]. The mechanism consists of 79 species and 351 reversible reactions
and was validated extensively over a wide range of temperatures, pressures,
and equivalence ratios [59, 60, 61]. Using a multi-stage reduction method
by Pepiot-Desjardins and Pitsch [62], the detailed mechanism was reduced
to a skeletal mechanism composed of 33 species and 64 forward and reverse
reactions. This reduced mechanism was then combined with the mechanism
described in the context of the diesel-gasoline blend above, leading to a
total number of 910 reactions and 170 chemical species. Rate conflicts
detected during the combination were always resolved in favor of the better
validated mechanism [63]. The resulting mechanism accounts for low- and
high temperature auto-ignition, heat release, and pollutant formation.
3.1.2 Composition of surrogate fuels
In recent studies, the focus in the development of surrogates has shifted from
representing the fuel composition as accurately as possible to a model-based
matching of certain properties of the fuels [63, 53, 64]. Properties matched in
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these studies are, for instance, H/C molar ratio (H/C), Derived Cetane Number
(DCN), Threshold Sooting Index (TSI) and average molecular weight (MW).
These properties are often not interesting in their own right, but representative
for important aspects of combustion behavior. For instance H/C/O ratio
is important for heat release, which determines flame temperature, which
is important for NO formation. This means that not the fuel composition
has to be matched by the surrogate, but only the part of the fuel molecular
structure that is important for a certain property of interest. This implies
that the pallette of components chosen for the surrogate has to allow for
independently matching the different important structural groups of the real
fuel. If the chosen palette of surrogate components does not allow for matching
the molecular structural groups of the real fuel, then adequate substitutions
will have to be made. For example, soot formation is promoted by aromatics,
but also by quaternary carbon, so either one can be used to increase the
sooting tendency of a fuel. In that sense, matching the structural groups is
very desirable, but not essential as long as the properties are matched.
The general methodology to define the surrogate composition is sketched in
Figure 3.1. A set of properties that have to be matched is defined as a first step.
These properties are: cetane number, oxygen content, H/C ratio, functional
groups, and the existence of carbon-carbon double bonds in the molecules.
The cetane number is chosen as a measure for the self-ignitability of the fuels.
Cetane numbers of the individual components are taken from the literature,
while the other properties can be taken directly from the fuels molecular
structures. Oxygen content and hydrogen/carbon ratio reflect adiabatic flame
temperature and heat of combustion. In addition, the oxygen content of a fuel
has a considerable impact on stoichiometry and soot formation. The cetane
ratings of the surrogates are approximated by a linear interpolation of the
cetane numbers of the individual components.
Subsequently, a set of suitable surrogate components is chosen. Different
properties of the components allow to fine tune the resulting surrogate prop-
erties (compare Table 3.1). Here, both n-heptane and DME have considerable
low temperature reactivity, contain methyl (CH3) groups and no C-C double
bonds. DME and ethanol have a high oxygen content while their H/C ratio
is rather high. Ethanol has the additional alcohol (OH) functional group.
Ethane has no double bonds, low ignitability and a methyl group, but high
H/C ratio. Phenol contains oxygen and has a low H/C ratio. Toluene and
phenol help to reduce the H/C ratio of the mixture, but add C-C double
bonds.
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Figure 3.1: Flowchart showing the steps for the definition of the surrogate
composition.
Surrogate for diesel-gasoline blend
Following the methodology outlined above, the composition of the diesel-
gasoline blend surrogate fuel was chosen to satisfy the cetane number, the
ethanol content, and the hydrogen/carbon ratio of the experimental fuel.
According to [12], cetane numbers can be linearly interpolated based on the
liquid volume fraction. The cetane number (CN) of a given fuel can be
calculated using the research octane number (RON) and the following formula
[12]:
CN = 54.6− 0.42 RON . (3.1)
Using Eq. 3.1 results in CN=15 for RON 95 gasoline and by interpolation a CN
of approximately 30.2 for the 60/40 gasoline-diesel mixture. The RON 95 fuel
used in the experimental study contains 5.2% ethanol by mass. Accordingly,
the ethanol content of the surrogate was set to 2.5%. The surrogate was
further composed of 39.2% n-heptane, 47.8% iso-octane, and 10.5% toluene
by mass.
Surrogate fuels for novel biofuels
For the 2-MTHF surrogate, DME, ethanol, and phenol are used to set the
oxygen content. To keep the cetane number of the mixture in the desired
range, the amount of DME has to be limited, despite its favorable properties
regarding methyl group and C-C bonds. Finally, n-heptane and a small
amount of ethane are used to fine tune the low temperature reactivity of
the surrogate mixture. For the 2-MTHF/DnBE blend surrogate, DME and
ethanol are used to match the oxygen content. Here, a higher portion of DME
can be used due to the higher cetane number of the experimental fuel. Also
with regard to the ether functional group, DME fits the DnBE content of
the blend very well. Toluene is used to keep H/C ratio and cetane number
at the desired level. A drawback of toluene are the C-C double bonds in
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Fuel Cetane Oxygen H/C ratio functional C-C doubleNumber (%-weight) (molar) group bonds
2-MTHF 19.8 18.6 2.0 CH3 no
2-MTHF
36.1 16.1 2.1
CH3,
no/DnBE ether
blend
n-heptane 52.5 - 2.29 CH3 no
DME 56 34.8 2.5 CH3, no
ether
ethanol 10 34.8 2.5 OH no
toluene 9 - 1.14 CH3 yes
ethane 0 - 3 CH3 no
phenol 5 17.0 1.0 OH yes
Table 3.1: Properties of experimental fuels and surrogate components.
the molecule, while the methyl group corresponds to the methyl group of
the experimental fuel. N -heptane is also employed, adding low temperature
reactivity.
First setting oxygen content, H/C ratio, and cetane rating, then minimising
unwanted additional properties (functional group and C-C double bonds),
yields the surrogate mixtures presented in Tables 3.2 and 3.3. Due to the
fact that the oxygen content and cetane rating of the 2-MTHF/DnBE blend
are easier to match, the methodology works better for the blend surrogate.
Here, more freedom is left to optimise the additional properties. However, for
both surrogates, a rather high aromatic content, OH groups, and C-C double
bonds are present in contrast to the experimental fuels. Here, new surrogate
components, better suited to the furanic structure of 2-MTHF, are desirable.
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2-MTHF Surrogate
26% n-heptane
Compound 8% DME
formula C5H10O 30% ethanol
(%-weight) 6% ethane
30% phenol
H/C ratio 2.0 2.1
Oxygen content 18.6 18.3(%-weight)
Cetane number. 19.8 19.8
Table 3.2: Properties of 2-MTHF and corresponding surrogate fuel.
70% 2-MTHF Surrogate+ 30% DnBE
Compound 23.5% n-heptane
formula 73.5% C5H10O 33% DME
(%-weight) 26.5% C8H18O 13.5% ethanol
30% toluene
H/C ratio 2.1 2.1
Oxygen content 16.2 16.2(%-weight)
Cetane number 36.1 36.1
Table 3.3: Properties of 2-MTHF/DnBE blend and corresponding surrogate fuel.
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3.1.3 Ignition delay time validation
Experimentally obtained ignition delay times for neat 2-MTHF from [65, 66]
were available for assessment of the surrogate. No ignition delay time measure-
ments were available for the diesel/gasoline blend and the 2-MTHF/DnBE
blend, limiting the assessment of the respective surrogates to the engine cases
(see chapter 6).
On the upper part of Figure 3.2, experimental ignition delay time measure-
ments from [65, 66] for 2-MTHF at stoichiometric air/fuel mixture and 20 bar
pressure are compared to zero-dimensional ignition-delay time calculations
for the individual surrogate components, using the FlameMaster code [67].
It is evident that none of the individual surrogate components matches the
experimental behavior. In the lower part of Figure 3.2, results from homo-
geneous reactor simulations for the 2-MTHF surrogate (see Table 3.2) are
compared to the same experiments.
The calculated ignition delay times at high and intermediate temperatures
(above 800 K) match the experimental results quite well. For the lower
temperatures, the ignition delay times calculated from the surrogate are
shorter and the slope is flatter than the slope from the rapid compression
machine (RCM) experiments. However, for ignition delay times greater
than 50 ms, heat losses become an increasingly relevant issue also for RCMs
with creviced pistons [68], so the comparability of the RCM results at lower
temperatures remains questionable. This example shows that by matching the
specified fuel properties, the right balance of functional groups promoting chain
branching and chain breaking was found, even if the surrogate composition
does not exactly match the functional groups of the real fuel.
3.2 n-C8 fuels
In this section, the chemical kinetics of n-octane, n-octanol and DnBE are
presented and discussed. First, their molecular structures are introduced and
the physical and chemical characteristics are presented and discussed briefly.
Subsequently, the ignition propensities of these fuels are studied in more detail
in terms of chemical numerical modeling.
3.2.1 Molecular structures
The molecular structures of n-octanol, DnBE, and n-octane are presented
in Fig. 3.3. All three fuels consist of a straight chain with eight carbon
atoms. While n-octane is not oxygenated, an O atom can be found at the
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Figure 3.2: Ignition delay time over inverse of temperature at stoichiometric con-
ditions and 20 bar. RCM experiments from [65] (red plus symbols) and shock tube
experiments from [66] (green crosses) for 2-MTHF. Upper part: Ignition delay time
for surrogate components compared to 2-MTHF measurements. Lower part: Results
from 2-MTHF surrogate (blue, dotted line).
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(a) n-Octanol (b) DnBE (c) n-Octane
Figure 3.3: Molecular structures of n-octanol, DnBE and n-octane. Black atoms
are carbon atoms, grey ones are hydrogen atoms and red ones denote the oxygen
atoms.
end of the carbon chain in n-octanol and in the middle in DnBE. These
alcohol and ether functional groups result in different ignition and combustion
behavior of these fuels in comparison to alkanes. In general, the O atom
has been found to reduce C-H bond dissociation energies (BDEs) at alpha
carbon sites connected to an O atom and to increase BDEs at beta sites, as
found in alcoholic fuels [69, 70] and DnBE [71]. This leads to a quicker H
abstraction at the alpha sites and could eventually accelerate auto-ignition,
which has been demonstrated for the example of DnBE combustion [71].
For the case of alcohols, the presence of the hydroxyl moiety enhances H
atom abstraction from the alpha carbon site as well, but it also advances
the subsequent alpha hydroxyalkyl radical reaction with oxygen to yield an
aldehyde [72, 73]. This reaction sequence competes with the low temperature
chain branching chemistry and thus inhibits low to intermediate temperature
reactivity of alcohol fuels. Moreover, the changes in C-H BDEs also affect the
transition ring strain energy barriers [71], which are of particular importance
in the low temperature chemistry.
3.2.2 Physical and chemical properties
The physical and chemical properties of n-octane, n-octanol, and DnBE are
summarized in Table 3.4. As at least the oxygenated fuels are discussed here
as potential candidates for compression ignition (CI) engines, diesel fuel is
also listed here for comparison. It can be seen that density ρ, volumetric
energy content (VEC), and heat of evaporation (hvap) of these fuel candidates
differ only marginally from diesel fuel. This prevents extensive engine modifi-
cations when using the biofuels in conventional engines. For the temperature
dependent physical properties like heat of evaporation, liquid density, and
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Fuel CN ρ TB VEC hvap Funct.[g/cm3] [◦C] [MJ/L] [kJ/kg] group
n-Octane 63.8 [74] 0.703 125.1 33.2 363.1 Alkane
n-Octanol 39.1 [75] 0.824 195.0 33.9 315.1 Alcohol
DnBE 100.0 [10] 0.769 142.4 31.6 345.5 Ether
Diesel 40∼55 0.832 150∼370 35.9 ∼300
Table 3.4: Physical and chemical fuel properties.
surface tension, tabulated values as function of temperature are used in the
simulations. As expected, strong variations in cetane numbers (CN) are
reported for the fuels. While n-octanol shows a reduced ignition reactivity
compared with diesel, the cetane number of n-octane is slightly larger than
the one of the petroleum fuel. A CN of 100 is reported for DnBE in the
literature [10], which indicates a strong ignition propensity in compression
ignition combustion devices. Although n-octane, n-octanol, and DnBE have
the same number of carbon atoms and the only difference between their
structures is the existence and the position of the O atom in the carbon chain,
very different ignition propensities should be expected also in the engine.
For diesel engines, the ignition delay time is a key parameter to assess the
fuel suitabililty and efficiency. In order to gain further global insight into the
ignition behavior of n-octane, n-octanol, and DnBE, their ignition delay times
are computed for the shock tube configuration. Both the mechanisms for
DnBE and n-octanol were shown to agree very well with available experimental
data, while the mechanism for n-octane, which was derived in a more general
context, was shown to overpredict experimentally observed ignition delay
times reported in Ref. [76]. The calculations are performed at a pressure of
20 bar and φ = 1.0 as well as a pressure of 40 bar and φ = 1.4, reflecting the
range of local conditions where compression ignition engines typically ignite.
The numerical results are presented in Figs. 3.4 and 3.5. Consistent with the
cetane number, DnBE ignites with the shortest delay time for all temperatures
and pressures. As reported in Ref. [71], the central O atom in the ether group
causes the lower C-H bond dissociation energy at the alpha site compared to
a secondary C-H bond in an n-alkane [77, 78]. This results in a facile H-atom
abstraction site in DnBE, which propels low temperature chain branching
via H-atom migration across the central O atom. Furthermore, the peroxides
derived from DnBE are highly unstable [77] and decompose faster than those
derived from alkanes, which leads to a fast second OH abstraction at the low
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to intermediate temperatures and thus accelerates ignition. For the conditions
considered here, n-octanol exhibits reduced reactivity in the low temperature
regime compared to n-octane. The general trends of the computed results
for DnBE and n-octane are well consistent with experimentally measured
cetane numbers, while the difference in ignition delay time between n-octane
and n-octanol seems small compared with the substantial difference in cetane
numbers of these fuels. Hence, the difference in cetane numbers can be
attributed only partly to the shorter igniton delay at homogeneous conditions,
but partly also to the different thermodynamics and mixing behavior of
n-octane compared to n-octanol. This will be discussed in more detail in
Chapter 6.3.
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Figure 3.4: Ignition delay times of n-octane/air, n-octanol/air and DnBE/air
mixtures at 20 bar and φ = 1.0. Symbols denote the experimental measurements
from Ref. [76, 79] and solid lines show the numerical results using the detailed
mechanisms [76, 79, 71].
Overall, it is found that in comparison to normal octane, the hydroxyl
moiety in n-octanol results in an inhibited fuel reactivity, while the ether
group in the molecular structure enhances the ignition propensity of DnBE.
3.2.3 Detailed and reduced chemical kinetics of n-C8 fuels
Detailed chemical kinetic models from Refs. [76, 79, 71] are applied to rep-
resent the oxidation of n-octane, n-octanol, and DnBE, respectively. These
mechanisms are summarized in Table 3.5. The detailed mechanism for the
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Figure 3.5: Ignition delay times of n-octane/air, n-octanol/air and DnBE/air
mixtures at 40 bar and φ = 1.4. Solid lines show the numerical results using the
detailed mechanisms [76, 79, 71].
symmetric molecule DnBE [71] is composed of 426 chemical species and 2335
reactions, while 1280 species among 5537 reactions are used to describe the
combustion of n-octanol [79], whose non-symmetric structure requires a more
complicated oxidation chemistry. Interestingly, the mechanism for n-octane is
found to be of the largest size here, even though it is structurally symmetric
and not oxygenated. This can be attributed to the fact that the detailed
mechanism from Sarathy et al. [76], which was developed based on the chemi-
cal mechanism of normal C8-C16 alkanes [80], includes the detailed reaction
pathways of C1-C8 n-alkanes and 2-methyl alkanes. While the species and
the reactions involved in C1-C7 n-alkane combustion can be found in the
oxdiation pathways of n-octane, the branched 2-methyl alkanes and their
derived species and reactions are of very minor importance.
In order to reduce the computational effort required for complex chemistry
simulations, the detailed mechanisms for n-octane [76] and n-octanol [79]
were reduced here to a skeletal level using a multi-stage reduction strategy
developed by Pepiot-Desjardins and Pitsch [62]. The reduction procedure
involved the elimination of species and reactions. The lumping of chemical
species presented in [62] was excluded, as the isomerizations of intermediate
species are important reaction steps. The database used to perform the
reduction includes high pressure conditions. The reduction process eliminated
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Fuel Mechanism Nr. Species Nr. Reaction
n-Octane Detailed 1119 9235Reduced 318 1693
n-Octanol Detailed 1280 5537Reduced 413 2850
DnBE Detailed 426 2335
NOx Detailed 17 201
Table 3.5: Chemical mechanisms for n-C8 fuels (forward and backward reactions
counted separately).
the species and reactions which have negligible effect on reaction kinetics at the
relevant temperature and pressure range. The simulated ignition delay times
using the detailed and the reduced mechanisms are compared in Fig. 3.6 for a
pressure of 20 bar. It is clearly demonstrated that the reduced mechanisms
yield almost identical results compared with the detailed ones over the entire
range numerically investigated. Note that the comparisons of the detailed and
reduced mechanisms are given here only for one set of conditions. Identical
observations can be obtained for other pressures and equivalence ratios, which
are not shown here for brevity. As shown in Table 3.5, the reduced mechanisms
achieve a similar magnitude of model size as the detailed model of DnBE [71]
which can be applied in CFD simulations at reasonable computational cost.
The kinetic mechanism used in this study to describe NOx formation was
adopted from the GRI mechanism, version 3.0 [81]. GRI-Mech was optimized
for methane and natural gas. The NOx part consists of 17 species and 201
reactions. The inclusion of this NOx chemistry into the reduced mechanisms
of n-octane and n-octanol as well as the detailed DnBE mechanism [71]
was accomplished using an interactive tool [63] that automatically identifies
common species and reactions from the different mechanisms.
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Figure 3.6: Ignition delay times for stoichiometric n-octane/air (upper part) and
n-octanol/air (lower part) mixtures at 20 bar. Solid lines show the numerical results
using the detailed mechanisms [76, 79] and dashed lines show the results with the
reduced mechanisms.
30
4 Spray vessel
Simulations of spray vessel experiments were undertaken to validate and
improve the spray representation for the diesel engine simulations. As mixture
formation, turbulent flow field, and finally the combustion process in a diesel
engine are governed to a large proportion by the high-speed injection of the
liquid fuel spray, an adequate representation of this spray is a a prerequisite
for diesel engine simulations.
The semi-empirical approach to solve for the two-phase flow in this work
(compare Chapter 2.2) is well proven for engine CFD simulations. The
parameters of the KH/RT model used for secondary breakup have to be
tuned to experiments carefully. Experimental data, i.e. liquid and gaseous
penetration lengths and injection rate measurements for diesel, 2-MTHF, the
2-MTHF/DnBE blend, DnBE, and n-octanol were available for comparison.
As a first step, results from experiments using diesel fuel were utilized to
fine-tune the KH/RT parameters, using the same grid resolution as in the
engine simulation setup below. Following this, the fuel properties used in the
simulations were varied according to the different fuels, and finally the results
were compared to the experimental measurements. The resulting settings are
then used for diesel engine simulations (see Chapter 6), whereby the injection
rates are set according to rate measurements performed with the actual engine
injectors.
4.1 Experimental setup
Shadowgraphic investigations of the fuel spray have been conducted in a high-
pressure chamber, capable of pressures up to 150 bar and temperatures up to
1000 K. Details on the setup can be found in [82] and [16]. The chamber is
equipped with the same injection system as the HECS diesel engine test bench
(see Chapter 5.2), ensuring comparability of the results. Density gradients
as well as the shadow of the solid spray core are visualized, enabling the
investigation of angle, penetration, distribution, and temporal development
of the liquid and gaseous spray phase.
The sprays of diesel fuel, 2-MTHF, the 2-MTHF/DnBE blend, neat DnBE,
and n-octanol were investigated at two different ambient conditions. The
lower ambient conditions are at a temperature of 800 K, back pressure of 50
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B1 τRT C3 Cdist
40 2.5 0.2 1.4
Table 4.1: KH/RT breakup parameters used for the simulations.
bar, and rail pressure of 900 bar, and the higher ambient conditions are at a
temperature of 900 K, back pressure of 100 bar, and rail pressure of 900 bar.
4.2 Numerical setup
CFD calculations of the injection of a diesel spray for the above mentioned
conditions have been performed and the parameters of the KH/RT breakup
model were adjusted accordingly. The parameters used in this study are given
in Tab. 4.1. As mentioned above, the grid resolution for the spray vessel
simulations was chosen to match the grid resolution of the spray region in the
engine simulation setup.
Injection rates for the spray simulations were taken from rate measurements
using the individual fuels. To allow for improved optical access, the spray
vessel experiment uses a three-hole injector, while the HECS engine test bench
is equipped with an eight-hole injector. This yields differences in the internal
nozzle flow, and as a result the opening and closing behavior of the injectors
are different. Consequently, rates from rate measurements with the three-hole
injector are used for the spray vessel simulations. For the HECS diesel engine
simulations, rates from rate measurements with the eight-hole injector are
used (see Chapter 5.2). For the diesel/gasoline blend, spray vessel experiments
were not available. However, rates from rate measurements for this blend
using the engine injector were included in the respective simulations.
Following the diesel spray simulations, simulations for the different fuels
were undertaken by adjusting the physical fuel properties. The physical prop-
erties of n-octanol, DnBE, and n-octane have been used in the simulations
of the respective fuels. To approximate the physical properties of 2-MTHF
as well as of the 2-MTHF/DnBE blend, toluene has been used. For these
fuels, the data base is quite incomplete. However, the most relevant proper-
ties of toluene like molecular weight, heat of vaporization, critical pressure,
and critical temperature, are very similar. For the temperature dependent
physical properties like heat of evaporation, liquid density, and surface ten-
sion, tabulated values as function of temperature are used in the simulations.
For all fuels, a single-component vaporization model is used and the fuel
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composition is assumed uniform in the liquid phase, which is consistent with
the typical modeling approach for other complex fuels. For instance, diesel
fuel contains hundreds of species with a wide range of boiling temperatures,
but no separation of these components is usually observed in evaporating
diesel sprays. In a recent study, Hottenbach et al. [83] optically investigated
a diesel-like spray of an iso-octane/ethanol mixture, where no separation of
these components could be found.
4.3 Spray vessel results
The results for liquid and gaseous penetration of diesel fuel are compared to
the measurements in Fig. 4.1, showing good agreement. The good agreement
of liquid and gaseous penetration lengths from experiment and simulation
means that momentum exchange of fuel droplets and surrounding gas and
also the evaporation of the spray are well captured. Thus, it is reasonable to
assume that the structure of the fuel-oxidizer mixture field is well reproduced.
The stair patterns for the gaseous penetration lengths in Figs. 4.1 to 4.5 are
due to grid resolution effects. The gaseous penetration length is considered
to extend to the position of the CFD cell fullfilling the vapor-penetration
criterion that has the position farthest away from the nozzle measured on
the spray axis. The criterion used here is that a cell contains at least 5 %
of the maximum vapor concentration at the timestep. Liquid penetration
is given by the position of the parcel that is farthest away from the nozzle.
In the upper part of Fig. 4.1, after 1 ms the liquid penetration length is
overestimated. This is very likely due to a small single parcel that remains
unvaporised too long. At 1.3 ms, this parcel then evaporates and the liquid
penetration length instantly reduces to zero. While this is a drawback of the
statistical description of the spray droplets, mixture formation is not likely to
be affected by these minor effects.
In Figs. 4.2 and 4.3 the results for 2-MTHF and for the 2-MTHF/DnBE
blend are presented. Finally Figs. 4.4 and 4.5 show the results for DnBE
and n-octanol, respectively. In all cases, good agreement is shown. Thus
the correct representation of the spray, which is of major importance for
diesel engine simulations, is validated. Beyond this, the approximation of
the physical spray properties of 2-MTHF and the 2-MTHF/DnBE blend by
toluene is confirmed.
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Figure 4.1: Comparison of liquid (solid lines) and gaseous (dashed lines) spray
penetration from experiment (red) and simulation (blue) for diesel. Upper part at
50 bar, 800 K ambient, lower part at 100 bar, 900 K ambient.
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Figure 4.2: Comparison of liquid (solid lines) and gaseous (dashed lines) spray
penetration from experiment (red) and simulation (blue) for 2-MTHF. Upper part
at 50 bar, 800 K ambient, lower part at 100 bar, 900 K ambient.
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Figure 4.3: Comparison of liquid (solid lines) and gaseous (dashed lines) spray
penetration from experiment (red) and simulation (blue) for the 2-MTHF/DnBE
blend. Upper part at 50 bar, 800 K ambient, lower part at 100 bar, 900 K ambient.
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Figure 4.4: Comparison of liquid (solid lines) and gaseous (dashed lines) spray
penetration from experiment (red) and simulation (blue) for DnBE. Upper part at
50 bar, 800 K ambient, lower part at 100 bar, 900 K ambient.
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Figure 4.5: Comparison of liquid (solid lines) and gaseous (dashed lines) spray
penetration from experiment (red) and simulation (blue) for n-octanol. Upper part
at 50 bar, 800 K ambient, lower part at 100 bar, 900 K ambient.
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The diesel engine experiments in this work were performed on two different
test benches. The experiments using the diesel/gasoline blend were performed
on a GM-FIAT 1.9 l four-cylinder diesel engine, that was modified to enable
premixed charge compression ignition (PCCI) combustion. In Chapter 5.1,
details on this engine and the experimental settings are given. The other test
bench, “High Efficiency Combustion System” (HECS), is a 390 ccm single
cylinder engine which will be described in Chapter 5.2 below. On this engine,
the experiments using 2-MTHF, the 2-MTHF/DnBE blend, DnBE, n-octanol,
and n-octane were performed.
Regarding in-cylinder flow, operation strategy, and injection system, the
two test benches are quite different, so the results are not directly comparable.
However, fuel property effects on combustion and pollutant formation are
the focus of this work. These effects are the same for both engines and as
such transferrable from one to another. Also the surrogate methodology (see
Chapter 3.1) is the same for the diesel/gasoline blend as for 2-MTHF and the
2-MTHF/DnBE-blend.
5.1 PCCI engine setup
The experimental investigations using the diesel/gasoline-blend were carried
out on a modified GM FIAT 1.9 l CDTI ECOTEC diesel engine at the
Institute for Combustion Technology (ITV). The 4-cylinder engine utilizes a
common-rail fuel injection system, a variable geometry turbocharger (VGT),
an exhaust gas recirculation system, and an intake throttle valve. The engine
has four valves per cylinder, centrally located injectors, and a re-entrant type
combustion chamber. The production type of this engine is certified to meet
Euro 4 emission standards. All relevant engine data are given in Table 5.1.
The engine was modified in order to enable PCCI combustion. Modifications
include the spray cone angle of the injector nozzle, which was reduced to 120
degrees from the production-type 148 degrees, and a modified piston bowl.
The bowl diameter was increased and the depth of the bowl simultaneously
reduced, keeping the bowl volume and thus the compression ratio constant.
Details on the piston bowl modification can be found in [84]. By an enlarged
cylinder-head sealing, the compression ratio was reduced to 15:1.
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Engine type: DI, four-cylinder
charged, 4-stroke
Bore: 82.0 mm
Stroke: 90.4 mm
Compression ratio: 15:1
Combustion Chamber Re-entrant type
Max. Power [kW (PS)] 110 (150) @4000 rpm
Max. Torque [Nm] 320 Nm @2000-2750 rpm
Injection System: Bosch Common Rail
Injector Nozzle: 7-hole injector
Included spray angle: 120.0◦
Nozzle hole diameter: 0.141 mm
Hydraulic flow rate 440 cm3/30s @ 100 bar
Swirl number: 2.5
Table 5.1: PCCI engine and injection system specifications.
A more detailed description regarding the engine and the test cell equipment
can be found in Vanegas et al. [85]. Engine modifications are described in
more detail in [86].
5.1.1 Operating conditions
The engine operating conditions are shown in Table 5.2. The engine was
operated at part-load conditions with a speed of 2000 rpm and an external
EGR rate of 30 percent. In order to move the center of combustion beyond
top dead center (TDC) while keeping early injection timings for sufficient
premixing, a mixture of 60% by liquid volume RON 95 gasoline and 40% by
liquid volume EN 590 diesel was used as fuel. Two injection timings were
investigated which will be referred to as Case 1 and Case 2 in the following.
Case 1 represents an injection timing that would be desirable with respect to
PCCI combution in terms of sufficient premixing time, while for Case 2 the
injection timing was chosen to obtain a reasonable center of combustion. The
total fuel mass injected was 9.8 mg/cycle. The rail pressure was 700 bar.
5.1.2 Simulation
Computations started at intake valve closure (IVC) at -165.6 degree crank
angle after top dead center (◦CA aTDC) and ended at exhaust valve opening
40
5.1 PCCI engine setup
Engine speed: 2000 rpm
Rail pressure: 700 bar
Injected fuel mass: 9.8 mg/cycle
External EGR rate: 30%
Global fuel/air equivalence ratio φ: 0.333
Swirl number: 2.5
Start of Injection (SOI): −35.0 ◦CA aTDC (Case 1)
−20.0 ◦CA aTDC (Case 2)
IMEP: 3.7 bar (Case 1)
3.9 bar (Case 2)
Temp. of coolant: 353.0 K
Temp. of engine oil: 353.0 K
Temp. intake: 365 K
Fuel: 60% Gasoline, RON 95
(by liquid volume) 40% Diesel, EN 590
Table 5.2: PCCI engine operating conditions.
(EVO) at 149.1 ◦CA aTDC. The starting solution at IVC was initialised with
pressure and temperature taken from the experiments. Here, the determination
of the initial temperature is a difficult task. The initial temperature at IVC
is not just given by the temperature in the intake, but affected by heat
transfer from the intake duct, the inlet valves, and the cylinder walls. These
temperatures in turn are subject to change due to engine load and coolant
temperature. In addition, the heat transfer is affected by the intake flow
pattern and the engine speed. This introduces an uncertainty in the initial
temperature, which, amplified by the temperature increase due to compression,
results in an uncertainty of the in-cylinder temperature at ignition. The initial
temperatures were set to 382 K for Case 1 and to 366 K for Case 2. The
different initial temperatures for Case 1 and 2 reflect the different operating
conditions, as it has to be assumed that, due to the earlier ignition and
higher peak temperature and pressure for Case 1, more heat is transferred
to the inlet valves and cylinder walls than for Case 2. The internal EGR
rate was assumed to be 5 %. The EGR composition regarding oxygen, CO,
CO2, and water vapour content was initialised according to the experimental
measurements. The velocity field was initialised with a swirl number of 2.5.
The injection delay and injection rate were set according to injection rate
measurements, which were undertaken for the diesel/gasoline-blend with the
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same rail pressure and injection duration as for the engine experiments.
Two different computational meshes were used throughout the simulations
to provide an optimal computational mesh for any piston position. One grid
was used for the compression phase and one for the combustion and expansion
phase. This procedure allowed for rearranging the cells shortly before the
beginning of the combustion event. In the computational mesh for the
combustion and expansion phase, the mesh resolution in the bowl region was
refined in comparison to the one for the compression phase. For both meshes,
a cell-layer removal technique was applied in the cylinder region throughout
the simulations. This was done in order to account for the compression of
the grid cells along the cylinder axis due to the piston movement. The remap
between both grids took place at -37.0 ◦CA aTDC.
An outline of the computational mesh for the combustion phase is given
in Fig. 5.1. The simulation used a sector grid representing 1/7th of the
combustion chamber, thereby taking advantage of the axial symmetry with
respect to the placement of the nozzle holes. In Fig. 5.1, the cyclic boundaries
are removed for the sake of a clear insight into the bowl. The mesh size was
52704 cells at top dead center. The wall temperatures were set to 480 K
(Case 1) and 400 K (Case 2), based on experimental experience, and held
constant during the simulations. The different wall temperatures for Case 1
and 2 reflect the different operating conditions, as explained above.
The combustion chemistry is discretized on 101 grid points in Z-direction.
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Y X
Z
Figure 5.1: Computational grid for PCCI engine at -25.0 ◦CA aTDC. Cyclic
boundaries are removed for illustration purposes.
5.2 HECS setup
The HECS (High Efficiency Combustion System) single-cylinder engine was
operated at the Institute for Combustion Engines (VKA). It has a swept
volume of 0.39 l and was designed for low emission levels and high fuel
efficiency. A compression ratio of 15:1 was selected in order to keep the NOx
emissions low in spite of the increased charge density, following typical Euro 6
engine development strategies. The combustion system reaches a specific
output of 80 kW/l at maximum peak firing pressures of 220 bar. The injection
system is a common rail system with a maximum fuel injection pressure of
2000 bar. To optimize the flow characteristics, one intake port was designed as
a filling port, the second one as a classic swirl port. Creating charge movement
was supported by seat swirl chamfers on both intake valves. The combustion
chamber geometry was designed with a conventional recess shape, which was
further optimized together with the nozzle geometry (8-hole, ks = 1.5) in
order to maximize air utilization. The low compression ratio of 15:1, early
injection and high injection pressures as well as improved cooling of exhaust
gas recirculation (EGR) make very low particulate emissions possible, and as
a result the research engine meets the Euro 6 standard. Table 5.3 shows a
summary of the parameters of the test engine used. Additional information
on the single-cylinder research engine can be found in [87, 88].
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Benchmark Euro 6
Displacement 390 cm3
Stroke 88.3 mm
Bore diameter 75 mm
Compression ratio 15
Valves per cylinder 4
Maximum peak pressure 220 bar
Fuel injection system Bosch Piezo Common
specifications Rail System
Maximum injection pressure 2000 bar
Hydraulic Flow Rate (HFR) 310 cm3/30s at 100 bar
Nozzle hole diameter 109 µm
Number of spray holes 8
Spray Cone Angle 153◦
Table 5.3: HECS single-cylinder engine configuration.
5.2.1 Operating conditions
Four load points were selected, three of which are within the new european
drive cycle (NEDC) range for an inertia weight class of 1590 kg, assuming a
four-cylinder engine is derived from the one-cylinder test bench. The fourth
load point is of interest for future downsizing concepts. Table 5.4 shows
the respective parameters. All fuels were analyzed with a single injection
and at a constant center of combustion, which was chosen differently for the
respective load points (see Table 5.4). In each case, the start of injection was
adjusted to match these targets. The tolerance for the center of combustion
is +/- 0.1 degree crank angle (◦CA). The constant specific NOx level (ISNOx)
was obtained by adjusting the EGR rate accordingly. The other calibration
parameters, such as intake manifold pressure, fuel injection pressure, and
charge air temperature had been optimized in earlier studies for a realistic
4-cylinder engine with a two-stage boosting device, all in compliance with the
Euro 6 standard [89]. Some details on the engine settings resulting from the
above described strategy are given in Tables 5.5 to 5.9.
5.2.2 Simulation
Computations started at intake valve closure at -134.6 ◦CA aTDC and ended
at exhaust valve opening at 120 ◦CA aTDC. The initial conditions at IVC for
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Load point
Center of Combustion Pressures (bar absolute)
(◦CA after TDC) Rail Boost Exhaustmanifold
1. n = 1500 min−1 6.6 @ 0.2 g/kWh 720 1.07 1.13IMEP = 4.3 bar ISNOx
2. n = 1500 min−1 5.8 @ 0.2 g/kWh 900 1.5 1.6IMEP = 6.8 bar ISNOx
3. n = 2280 min−1 9.2 @ 0.6 g/kWh 1400 2.29 2.39IMEP = 9.4 bar ISNOx
4. n = 2400 min−1 10.8 @ 0.75 g/kWh 1800 2.6 2.8IMEP = 14.8 bar ISNOx
Table 5.4: HECS engine calibration parameters.
Load % EGR % inlet O2
SOI
point (◦CA aTDC)
1 No ignition obtained2
3 47.4 15.5 -11.0
4 39.8 15.5 -6.6
Table 5.5: Engine setting details 2-MTHF operation.
Load % EGR % inlet O2
SOI
point (◦CA aTDC)
1 32.4 18.2 -17.65
2 49.5 14.3 -13.46
3 43.4 16.9 -5.31
4 36.8 16.4 -5.9
Table 5.6: Engine setting details 2-MTHF/DnBE blend operation.
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Load % EGR % inlet O2
SOI
point (◦CA aTDC)
1 45.0 16.0 -6.0
2 46.6 14.6 -7.0
3 46.9 15.9 -7.0
4 35.4 16.5 -8.1
Table 5.7: Engine setting details DnBE operation.
Load % EGR % inlet O2
SOI
point (◦CA aTDC)
1 43.3 16.8 -15.8
2 47.8 15.5 -9.5
3 43.8 16.9 -5.3
4 32.9 17.1 -6.2
Table 5.8: Engine setting details n-octanol operation.
Load % EGR % inlet O2
SOI
point (◦CA aTDC)
1 47.9 16.1 -11.2
2 46.0 15.7 -7.6
3 43.6 17.4 -6.0
4 33.7 17.8 -8.3
Table 5.9: Engine setting details n-octane operation.
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pressure and temperature were taken from the experiments. As described in
Chapter 5.1.2 above, the determination of the initial temperature is a critical
task. The initial temperatures for each load point were determined from the
measured inlet temperature and the pressure trace during compression by
an iterative process. Thus, constant offsets of the initial temperature in the
cylinder to the measured inlet duct temperature were determined for each load
point, regardless of the individual fuel. These offsets are 2 K for load point 1,
6 K for load point 2, 12 K for load point 3, and 28 K for load point 4. Across
the load points, this variation reflects the different loads of the test bench,
yielding different wall temperatures, and the different engine speeds, resulting
in different residence times and inlet flow patterns. The internal EGR rate
was assumed to be 5%. The EGR composition regarding oxygen, carbon
monoxide (CO), NOx, CO2, and water vapor content was initialized according
to the experimental measurements. The velocity field was initialized with a
swirl number of 1.159 according to the experiments. The injection delay and
injection rate were set according to injection rate measurements, which were
undertaken for the individual fuels with the same injector, rail pressure, and
injection duration as for the engine experiments. Spray parameters were set
according to spray chamber simulations (compare Chapter 4).
The simulation used a sector grid representing 1/8th of the combustion
chamber, thereby taking advantage of the axial symmetry with respect to
the placement of the nozzle holes. The mesh size was 40224 cells at top dead
center (TDC). A cell layer removal technique was applied in the cylinder
region throughout the simulations to account for the compression of the
grid cells along the cylinder axis due to the piston movement. The wall
temperatures were set to 440 K, based on experimental experience, and held
constant during the simulations. As for the PCCI engine simulations, the
combustion chemistry is discretized on 101 grid points in Z-direction.
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The results section is divided in three parts: Chapter 6.1 presents the results
for the diesel/gasoline blend surrogate. This is used as a testcase to validate the
general surrogate methodology, and also to numerically analyze the effect of a
decreased cetane rating on diesel engine combustion and pollutant formation.
The experimental results used in Chapter 6.1 were obtained on the PCCI
engine test bench described above (Chapter 5.1). In Chapter 6.2, results from
the more complex surrogates for the oxygenated fuels are presented. The
surrogate methodology still yields good results, but it is significantly more
challenging to derive a surrogate for such special fuels. Finally, Chapter 6.3
compares three n-C8 fuels with very similar molecular structures but very
different physical and chemical properties. This numerical comparison allows
to analyze the effects of different fuel properties in detail. The experimental
results used in Chapters 6.2 and 6.3 were obtained on the HECS engine test
bench (see Chapter 5.2).
6.1 Diesel gasoline blend
6.1.1 Comparison of experimental and computational results
Figure 6.1 shows the pressure traces and Heat Release Rates for Case 1
and 2 (for setting details, see Chapter 5.1). For both cases, ignition timing,
peak pressure, and the pressure during expansion from simulation match the
experimental measurements very well. For Case 1, the combustion begins
clearly before TDC, despite the low CN of the used fuel blend. For Case 2,
the combustion timing is satisfactory. To enable sufficient premixing time for
low temperature combustion, the ignition delay reached with the given fuel
mixture is still too short.
Slight discrepancies are observed in the lower part of Fig. 6.1 for the maxi-
mum rate of heat release. For Case 1, the maximum heat release rate is slightly
underestimated by the simulation, which can also be observed in the upper part
of Fig. 6.1, where this underestimation leads to a slightly less steep pressure
rise from 9 to 5 degree CA before TDC. The oscillations in the experimental
curve for Case 1 are due to oscillations of the experimental pressure signal.
For Case 2, maximum HRR is overestimated and the corresponding pressure
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Figure 6.1: Comparison of Pressure Trace (top) and Heat Release Rate (bottom)
from experimental measurement (solid lines) and simulation (dashed lines) for Case
1 (SOI -35, red) and Case 2 (SOI -20, blue).
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Figure 6.2: Scalar dissipation rate conditioned on stoichiometric mixture, χ̂st, over
time for Case 1 (red, solid line) and Case 2 (blue, dashed line).
rise directly after TDC is a little too sharp. The experimental maximum
heat release rates correspond to the expected behavior of sharper heat release
rates with longer ignition delay times. The simulations show the inverse of
this trend. This might be due to shortcomings of the RIF approach, which
will be discussed in the following. As described in Chapter 2.5 above, the
chemistry is solved in flamelet space. In the flamelet, a mixture fraction value
of Z = 0 corresponds to pure oxidizer, a value of Z = 1 corresponds to pure
fuel. The stoichimetric mixture fraction for the given boundary conditions
is Zst = 0.054. Diffusive and mixing effects are represented via the scalar
dissipation rate, conditioned on stoichiometric mixture, χ̂st. In Fig. 6.2, χ̂st
is plotted. For both cases, the scalar dissipation rate strongly decreases after
the injection has finished. Due to the longer duration between end of injection
and ignition, compared to conventional diesel engine combustion, the scalar
dissipation rate during ignition and combustion is substantially lower. This
leads to lower mixing during combustion, especially for Case 1.
The species mass fractions for each CFD cell are obtained by the integration
of a β-PDF [51], scaled by the mean and the variance of the mixture fraction
in the cell. The mass weighted PDF is computed by averaging the individual
PDFs for the CFD cells by the mass of the cells. It therefore represents the
mass distribution in the mixture fraction space. The evolution of the mass
weighted PDFs and the temperature distribution in the flamelet during the
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main heat release are shown in Fig. 6.3. The peak of the PDF for Z = 0
corresponds to the presence of pure oxidizer inside the cylinder. For clarity,
only the range from Z = 0 to Z = 0.1 is shown, although computations
included the complete range from zero to one. For Case 1 (upper part of
Fig. 6.3), a relatively long premixing time was available between the injection
and the heat release event. This yields low levels of scalar dissipation and a
bimodal shape of the PDF, with a strong peak of pure oxidizer and another
peak around Z = 0.25. During the main heat release event, the mixture in this
region ignites. Due to the relatively low scalar dissipation, the progression
speed of the ignition front in the flamelet is rather slow and thus small
inaccuracies in the mass weighted PDF have a big impact on the heat release
rate. For Case 2 (lower part of Fig. 6.3), the time available for premixing
was distinctly shorter, yielding a flatter profile of the PDF. Due to the higher
level of scalar dissipation during ignition, the ignition front progresses faster,
outweighing the lower amount of premixed mass in this mixture fraction
range, compared to Case 1. Apparently, the bimodal shape of the PDF is
underestimated in the simulation for Case 1.
Figure 6.4 compares the CO and NOx emissions obtained from experiment
and simulation. The simulation slightly overestimates the CO emissions, but
correctly captures the trend of strongly increasing CO emissions for Case 2
when compared to Case 1. Regarding NOx emissions, the trend is captured
quite well, although there is a discrepancy between experiment and simulation
for Case 1. For Case 2, NOx emissions are predicted really well. The high
NOx emissions for Case 1 can be attributed to the too early combustion which
leads to long residence times at high temperatures. NOx emissions for Case 2
are lower than for Case 1, but are still substantial. This confirmes that no
true low temperature combustion process was obtained in the experiments.
Overall, the comparison of experimental and numerical results shows good
consistency. This not only verifies the applicability of the RIF model to par-
tially premixed combustion modes, but also validates the surrogate mechanism
and the procedure applied to determine the surrogate composition.
6.1.2 Assessment of Carbon-Monoxide Formation
After the approach has been validated in the preceding subsection, the spatial
distribution of CO formation will be analyzed in order to assess the CO
emission sources. In Figs. 6.5 and 6.6, the spatial distributions of fuel mixture
fraction, temperature, and CO concentration on the injector cut plane are
shown for different times during the cycle. The timings are chosen to reflect
comparable times with respect to combustion for Cases 1 and 2. In Fig. 6.6,
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Figure 6.3: Temperatures (solid lines, left scales) and PDFs (dashed lines, right
scales) in mixture fraction space during ignition for Case 1 (upper part) and Case 2
(lower part). Lines labelled according to ◦CA after TDC. Stoichiometric mixture
fraction (vertical grey double dotted line) is Zst = 0.054 for both cases.
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(a) During main combustion event, 5 degrees crank angle before TDC
(b) During main combustion event, at TDC
(c) After main combustion event, 40 degrees crank angle after TDC
Figure 6.5: Fuel mixture fraction, temperature, and CO concentration (from left to
right) on the injector cut plane. Case 1 (SOI -35) at different times. Stoichiometric
mixture fraction is Zst = 0.054.
times are 10 ◦CA later, as Case 2 ignites about 10 ◦CA later than Case 1 (see
Fig. 6.1). For both cases, two subsequent times during the combustion event
and one after the combustion are illustrated.
In Fig. 6.5(a), the distributions of fuel, temperature, and CO for Case 1
at 5 ◦CA before TDC are depicted. The mixture is quite stratified, resulting
in a stratified temperature distribution inside the piston bowl while the
squish region remains very lean and comparatively cold. Due to the ongoing
combustion, the CO concentration in the bowl region is high, with little
amounts of CO reaching into the squish. In Fig. 6.5(b), the mixture and
temperature field are a little more homogeneous, but still stratified. Most of
the CO in the bowl region is burned, but towards the center line and the squish
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region, high CO concentrations in relatively cold and lean conditions remain.
At 40 ◦CA, in Fig. 6.5(c), the fuel has mixed substantially, leaving only
lean regions inside the cylinder. This results in a homogeneous temperature
distribution, except for cold and very lean regions towards the cylinder walls.
Here, substantial amounts of CO remain, leading to the observed CO emissions.
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(a) During main combustion event, 5 degrees crank angle after TDC
(b) During main combustion event, 10 degrees crank angle after TDC
(c) After main combustion event, 50 degrees crank angle after TDC
Figure 6.6: Fuel mixture fraction, temperature, and CO concentration (from left to
right) on the injector cut plane. Case 2 (SOI -20) at different times. Stoichiometric
mixture fraction is Zst = 0.054.
Similar to the observations made in the context of Fig. 6.5, in Fig. 6.6
the mixture is stratified during combustion and mixes during the expansion
stroke. Again, CO from the squish region remains unburned, showing the
same behavior as for Case 1. However, due to the later injection timing, the
mixing behavior is different and more CO is formed in the squish region,
leading to the higher CO emissions observed for Case 2.
In the following, the observations made in the context of Figs. 6.5 and
6.6 are detailed by analysis of the flamelet solution. Analysis of the flame
structure yields explanations that cannot be obtained from the CFD results.
The effect of the reduced scalar dissipation rate during combustion (compare
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Fig. 6.2) is shown in Fig. 6.7, where temperature profiles in the flamelet are
plotted. The ignition begins at rich conditions at roughly two times Zst. Sub-
sequently, the ignited mixture fraction range broadens towards the richer and
the leaner side, as depicted by the substantially increased temperature. The
steep temperature gradient at the lean side, shortly after TDC, corresponds
to a comparably low dissipation rate and a lean partially premixed reaction
front. In this very lean region, reaction rates and corresponding heat release
are so low, that the flame does not sustain itself, but has to be transported by
scalar dissipation. Before the flame consumes all mixture, the dissipation rate
gets so low that the flame is quenched. From the region where the quenching
occurs, the CO emissions originate, as will be shown below.
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Figure 6.7: Evolution of temperature in the flamelet for Case 2. Lines labelled
according to ◦CA after TDC. Stoichiometric mixture fraction (vertical grey double
dotted line) is Zst = 0.054.
Figures 6.8 and 6.9 show the temperature, the CO mixture fraction, and
the mass weighted probability density function for the whole CFD domain in
flamelet space. The peak of the PDF for Z = 0 corresponds to the presence
of pure oxidizer inside the cylinder. For clarity, only the range from Z = 0
to Z = 0.1 is shown, although computations included the complete range
from zero to one. The PDF is scaled by a factor 1/1000 in order to fit on the
CO-axis.
The upper part of Fig. 6.8 corresponds to Fig. 6.5(b). Around Z = 0.05,
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Figure 6.8: PDF (red, solid line), CO mass fraction (green, dashed line), and
Temperature (blue, dotted line) in flamelet space at TDC (top) and at 40 ◦CA
(bottom) for Case 1. Stoichiometric mixture fraction (vertical grey double dotted
line) is Zst = 0.054.
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the PDF and the CO mass fraction overlap. This corresponds to the region
of high CO concentration in the center of the bowl in Fig. 6.5(b). Another
overlap is found for very small values of Z, corresponding to the very lean
and relatively cold regions with a high amount of CO in Fig. 6.5(b). In the
lower part of Fig. 6.8, the shape of the PDF has attained a relatively sharp
peak at Z ≈ 0.03, which corresponds to the large area associated with the
same mixture fraction in Fig. 6.5(c). No overlap between PDF and CO mass
fraction is present around stoichiometric mixture (Zst = 0.054). Here, the
temperature was high enough to burn the CO formed during combustion. The
small CO mass fraction in the very lean region remains, again corresponding to
Fig. 6.5(c). The overall temperature has decreased due to expansion. This is
most important in the very lean, CO containing region, where the temperature
drops below 1000 K.
Essentially, the same observations can be made for Fig. 6.9 as for Fig. 6.8.
In general, for corresponding times the PDF for Case 2 is flatter than for
Case 1, indicating less homogenisation due to the later injection and shorter
ignition delay. The higher CO emissions for Case 2 are due to the greater
contribution of very lean regions to the PDF. For both cases, the CO emissions
originate from very lean regions, where the temperature remains too low to
burn the CO. This can be clearly seen as well from the distribution on the
injector cut plane, as from the flamelet profiles.
The observations regarding CO emissions made here are quite concordant
to the results of Musculus et al. [90], where it was shown experimentally
that unburned hydrocarbon emissions in a low temperature combustion diesel
engine originated from very lean regions, where the reaction rates are too low
to complete the combustion.
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Figure 6.9: PDF (red, solid line), CO mass fraction (green, dashed line), and
Temperature (blue, dotted line) in flamelet space at 10 ◦CA (top) and at 50 ◦CA
(bottom) for Case 2. Stoichiometric mixture fraction (vertical grey double dotted
line) is Zst = 0.054.
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6.1.3 Assessment of NOx formation
With regard to NOx emission formation, additional information will be gained
from the following analysis of the flamelet solutions. Figures 6.10 and 6.11 show
the temperature, the NOx mass fraction, and the mass weighted probability
density function for the whole CFD domain in flamelet space. Again, only
the range from Z = 0 to Z = 0.1 is shown. The PDF is scaled by a factor
1/10000 in order to fit on the NOx-axis. The temperature and PDF are the
same as in the corresponding CO-figures (Figs. 6.8 and 6.9), although the
PDFs are scaled differently.
The upper part of Fig. 6.10 depicts the NOx distribution in the flamelet
at TDC for Case 1. As one would expect, the NOx mass fraction peaks
at a value of Z slightly leaner than stoichiometric and decreases sharply
towards the lean and the rich side. The PDF and the NOx distribution have
a significant overlap in the mixture fraction range that can be atributed to
the piston bowl region. 40 ◦CA later, in the lower part of Fig. 6.10, the NOx
distribution is broader and the peak value is significantly lower. This is due
to the decreased temperature and the strong temperature dependency of the
NOx formation rates in combination with diffusive transport. The overlap
of PDF and NOx distribution is still quite significant, leading to the high
NOx emissions observed for Case 1. In the upper part of Fig. 6.11, the NOx
distribution in the flamelet at 10 ◦CA is shown for Case 2. The shape of
the NOx distribution is quite similar to the upper part of Fig. 6.10, but the
overall value is significantly lower. This can be attributed to the slightly
lower temperature in combination with the strong temperature dependency
of the NOx chemistry. 40 ◦CA later, in the lower part of Fig. 6.11, the NOx
distribution is broader and the peak value lower, which is essentially the same
observation as in the context of Case 1.
For both Cases, regions that can be attributed to the piston bowl are the
source of the NOx emissions. The significantly higher NOx emissions from
Case 1 are due to the higher temperatures and corresponding higher NOx
formation around TDC.
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Figure 6.10: PDF (red, solid line), NOx mass fraction (green, dashed line), and
Temperature (blue, dotted line) in flamelet space at TDC (top) and at 40 ◦CA
(bottom) for Case 1. Stoichiometric mixture fraction (vertical grey double dotted
line) is Zst = 0.054.
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Figure 6.11: PDF (red, solid line), NOx mass fraction (green, dashed line), and
Temperature (blue, dotted line) in flamelet space at 10 ◦CA (top) and at 50 ◦CA
(bottom) for Case 2. Stoichiometric mixture fraction (vertical grey double dotted
line) is Zst = 0.054.
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6.1.4 Suggested Measures
The CO emissions originate from very lean regions which are not mixed with
hotter regions after the main combustion event. The scalar dissipation rate
strongly decreases after the injection has finished. Thus, the scalar dissipation
rate is too low after the main combustion, in contrast to conventional diesel
combustion. The NOx emissions originate from slightly lean regions inside the
piston bowl, where the fuel concentration is still high enough to generate high
combustion temperatures. Increased mixing prior to and during combustion
could help to reduce as well the NOx as the CO emissions. This is closely
related to the problem to retard the onset of combustion. As mentioned
before, the present experiments do not represent a true case of low tempera-
ture combustion. Increased mixing in the late stages of combustion and after
combustion might yield the same effect on the reduction of CO emissions as
increased mixing prior to combustion, but could be obtained by measures
of rather geometrical nature (i.e. swirl, bowl geometry, reduction of squish
volume) as opposed to chemical measures, i.e. decreased ignitability of fuel or
very high EGR rates.
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6.2.1 Comparison to experiments
Figure 6.12 compares the pressure traces and heat release rates for 2-MTHF
from the diesel engine experiments on the HECS test bench (see Chapter 5.2)
and the numerical results. In the experiments and also the corresponding
simulations, 2-MTHF did not ignite at the low load points 1 and 2. Thus, only
the load points 3 and 4 (see Table 5.5) are shown. For both cases, ignition
timing and peak pressure from experiment and simulation match well. The
heat release rate following the ignition is clearly overpredicted for both cases,
producing a too steep pressure gradient, compared to the rather smooth
experimental pressure rise. The first stage ignition and the corresponding low
temperature heat release are slightly overestimated. This corresponds to the
too fast low temperature chemistry, observed in Fig. 3.2.
Figures 6.13 and 6.14 compare the pressure traces and heat release rates
for the 2-MTHF/DnBE blend from the diesel engine experiments and the
numerical results for the corresponding surrogate (see Tab. 3.3). In the
experiment, 30% DnBE (by liquid volume) was blended to the 2-MTHF in
order to enable stable operation in the low load points 1 and 2. Simulations
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using the surrogate match the ignition timings of the experiments at all load
points. The prediction quality for peak pressures and burn rates is satisfying.
For the lower load points 1 and 2, low temperature heat release is distinctly
overpredicted and the subsequent pressure rise is too steep, yielding too high
peak pressure for load point 1. For the higher load points 3 and 4, peak heat
release rates are overestimated, while ignition timing and peak pressures are
matched with sufficient accuracy.
Figure 6.15 shows the emissions at exhaust valve opening for load points 3
and 4 from operation with pure 2-MTHF from experiment and simulations.
Regarding CO emissions, the simulations slightly overestimate the experimen-
tal results, while the trend is clearly reproduced. NOx emissions are distinctly
underestimated by the surrogate, emissions of unburned hydrocarbons are
strongly overestimated. The general trend is captured for NOx as well as HC
emissions.
Figure 6.16 depicts the emissions from operation with the 2-MTHF/DnBE
blend and from the corresponding simulations. Again, CO emissions are
slightly overpredicted, while the trend is reproduced across all load points. For
NOx, the trend is captured from load point 2 to 4, with slightly underpredicted
values. However, for load point 1 simulated NOx emissions are too high,
inverting the experimentally observed trend. The deficiency in NOx prediction
may be attributed to the too strong first stage heat release and overpredicted
peak pressure for load point 1 (compare upper part of Fig. 6.13), which leads
to overpredicted peak temperatures and thus overestimated NOx emissions.
HC emissions are overpredicted, while the general trend of decreasing HC
emissions with increasing load is reproduced.
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Figure 6.12: Pressure traces (left scale) and heat release rates (right scale) for
2-MTHF. Load points 3 (top) and 4 (bottom) from engine experiment (red, solid
line) and simulation (blue, dashed line).
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Figure 6.13: Pressure traces (left scale) and heat release rates (right scale) for the
2-MTHF/DnBE blend. Load points 1 (top) and 2 (bottom) from engine experiment
(red, solid line) and simulation (blue, dashed line).
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Figure 6.14: Pressure traces (left scale) and heat release rates (right scale) for the
2-MTHF/DnBE blend. Load points 3 (top) and 4 (bottom) from engine experiment
(red, solid line) and simulation (blue, dashed line).
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Figure 6.15: CO (top), NOx (middle), and HC (bottom) emissions from experiment
(red) and simulation (blue) for 2-MTHF. Load points 3 and 4.
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Figure 6.16: CO (top), NOx (middle), and HC (bottom) emissions from experiment
(red) and simulation (blue) for the 2-MTHF/DnBE blend. Load points 1 to 4.
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6.2.2 Flame structure and fuel effects
In the following, the flamelet solutions are analyzed with regard to pollutant
formation pathways and the differences between the two fuels and the respec-
tive load points. Figures 6.17 to 6.22 show the temperature, the CO mass
fraction, the NOx mass fraction (scaled by a factor of 100 to fit the axis), and
the mass weighted probability density function (PDF) of the mixture fraction
for the whole CFD domain for the different fuels and load points. For clarity,
only the range from Z = 0 to Z = 0.1 is shown, while computations included
the whole range from zero to one. The upper parts of Figs. 6.17 to 6.22 show
the flamelet profiles just after the main pressure rise (compare Figs. 6.12 to
6.14), while the lower sides show the profiles at exhaust valve opening (EVO).
In Fig. 6.17, the flamelet solution profiles for the 2-MTHF surrogate at load
point 3 are presented. In the upper part of Fig. 6.17, the PDF shows a range of
mixture fraction from zero to 0.1 indicating a stratified mixture, and a peak at
Z = 0, which indicates the presence of pure, unmixed oxidizer in the cylinder.
As expected, the CO mass fraction sharply rises in the rich region (right
of Zst). Another CO peak is observed at very lean conditions (Z = 0.025),
indicating yet unburned lean and relatively cold mixture. Between Z ≈ 0.03
and Zst, the flamelet is fully ignited and thus only minor CO concentrations
are left here. The NOx mass fraction is highest close to Zst, with a distinct
decay towards the rich and the lean side. At the Z = 0 boundary condition,
small mass fractions of CO and NOx are present, reflecting the EGR in the
oxidizer stream. At exhaust valve opening (lower part of Fig. 6.17), the
mixture has homogenised substantially, as indicated by the sharper, less
distributed shape of the PDF. The NOx profile has flattened due to diffusive
and reburn effects. The majority of the engine-out CO emissions originates
from very lean mixtures, as indicated by the overlap of the CO profile and
the PDF between Z = 0 and Z ≈ 0.025. The CO from close to stoichiometric
mixture contributes only to a negligible fraction of the total CO emissions,
which corresponds well to the observations in Chapter 6.1 above.
In Fig. 6.18, the flamelet solution profiles for the 2-MTHF surrogate at load
point 4 are presented. The general evolution of the CO-profile is quite similar
to Fig. 6.17. The shape of the PDF indicates more mixing prior to combustion
and a more homogeneous mixture at EVO. The mean of the PDF at EVO
is shifted to higer values of Z, yielding less overlap of PDF and CO profile
and stronger overlap of PDF and NOx profile. This corresponds to the trends
of lower CO and higher NOx emissions with increasing load, as observed in
Fig. 6.15. In addition, the CO mass fraction at very lean mixtures is slightly
smaller while more NOx is present in the flamelet solution, which might be
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explained by the higher load and thus higher combustion temperatures.
In Figs. 6.19 to 6.22, flamelet solution profiles for the 2-MTHF/DnBE
blend for load points 1 to 4 are presented. For load point 1 (Fig. 6.19), high
peaks of CO and NOx are present in the flamelet solution after ignition. At
EVO, most of the CO is burned, but, similar to the cases before, a substantial
amount of CO remains at the lean side. The PDF overlaps with this lean CO
peak, leading to the high CO emissions observed for this load (compare upper
part of Fig. 6.16). The rather high NOx mass fraction in the flamelet at EVO
corresponds to the overestimated engine-out NOx emissions (compare lower
part of Fig. 6.16). The significantly different NOx profiles from Figs. 6.19 and
6.20 are attributed to the higher inlet oxygen concentration for load point
1 (compare Tab. 5.6), and also to the overestimated first stage heat release
and subsequently overpredicted peak pressure (compare top of Fig. 6.13),
which leads to overpredicted peak temperatures and thus overestimated NOx
emissions. For load point 2 (Fig. 6.20), the CO profile evolves very similar
to load point 1. Due to the different mean of the PDF at EVO (lower part
of Fig. 6.20) and the resulting smaller overlap of CO profile and PDF, the
engine out CO emissions are distinctly lower, compared to load point 1. The
NOx mass fraction in the flamelet is distinctly lower, yielding lower engine
out NOx emissions despite the stronger overlap of NOx profile and PDF.
In the context of Figs. 6.21 and 6.22, especially the comparison to Figs. 6.17
and 6.18 is of interest, as it shows the influence of the fuel on flame structure
and emissions. In Fig. 6.21, the PDF indicates less premixing prior to
combustion than for the same load point with pure 2-MTHF (Fig. 6.17).
Due to stronger mixing during combustion, less CO from very lean regions
is present at EVO in Fig. 6.17. This leads to distinctly lowered engine out
emissions despite the similar PDF. The NOx mass fraction is slightly higher,
probably due to the higher inlet oxygen concentration (see Tables 5.5 and 5.6).
In Fig. 6.22, the PDF again indicates less premixing prior to combustion
than for the same load point with pure 2-MTHF (Fig. 6.18). The lowered
CO emissions can be attributed to more mixing during and after combustion,
almost completely eliminating the lean CO at EVO. Again, the NOx emissions
are slightly higher.
In summary, the flamelet solution profiles indicate a substantial contribution
of very lean regions to the CO emissions for all load points. For the 2-
MTHF/DnBE blend, the mixture is less homogeneous at ignition, which leads
to less overleaning and thus lower CO emissions than for operation with
pure 2-MTHF. This corresponds to the difference in the cetane rating of the
fuels (see Tables 3.2 and 3.3). Differences in NOx emissions are attributed
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Figure 6.17: Flamelet solution profile for 2-MTHF for load point 3. Temperature
(red, solid line), PDF (green, dashed line), NOx mass fraction (blue, dashed line),
and CO mass fraction (black, dotted line). Top: at 10 ◦CA after TDC, bottom: at
120 ◦CA after TDC. Stoichiometric mixture fraction (grey, dashed-dotted line) is
Zst = 0.054.
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Figure 6.18: Flamelet solution profile for 2-MTHF for load point 4. Temperature
(red, solid line), PDF (green, dashed line), NOx mass fraction (blue, dashed line),
and CO mass fraction (black, dotted line). Top: at 14 ◦CA after TDC, bottom: at
120 ◦CA after TDC. Stoichiometric mixture fraction (grey, dashed-dotted line) is
Zst = 0.054.
75
6 Diesel engine results
mainly to load and inlet oxygen concentration. However, due to the low
sooting propensity of the experimental fuels, high EGR rates can be employed,
keeping NOx emissions within Euro 6 regulation limits [91, 92, 93, 94].
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Figure 6.19: Flamelet solution profile for 2-MTHF/DnBE blend for load point
1. Temperature (red, solid line), PDF (green, dashed line), NOx mass fraction
(blue, dashed line), and CO mass fraction (black, dotted line). Top: at 10 ◦CA
after TDC, bottom: at 120 ◦CA after TDC. Stoichiometric mixture fraction (grey,
dashed-dotted line) is Zst = 0.062.
77
6 Diesel engine results
 0
 500
 1000
 1500
 2000
 2500
 0  0.025  0.05  0.075  0.1
 0
 0.01
 0.02
 0.03
 0.04
T 
[K
]
M
as
s 
Fr
ac
tio
ns
 [-]
Z [-]
T
PDF
100*NOx
CO
Zst
 0
 500
 1000
 1500
 2000
 2500
 0  0.025  0.05  0.075  0.1
 0
 0.01
 0.02
 0.03
 0.04
T 
[K
]
M
as
s 
Fr
ac
tio
ns
 [-]
Z [-]
T
PDF
100*NOx
CO
Zst
Figure 6.20: Flamelet solution profile for 2-MTHF/DnBE blend for load point
2. Temperature (red, solid line), PDF (green, dashed line), NOx mass fraction
(blue, dashed line), and CO mass fraction (black, dotted line). Top: at 5 ◦CA
after TDC, bottom: at 120◦ CA after TDC. Stoichiometric mixture fraction (grey,
dashed-dotted line) is Zst = 0.054.
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Figure 6.21: Flamelet solution profile for 2-MTHF/DnBE blend for load point
3. Temperature (red, solid line), PDF (green, dashed line), NOx mass fraction
(blue, dashed line), and CO mass fraction (black, dotted line). Top: at 8 ◦CA
after TDC, bottom: at 120 ◦CA after TDC. Stoichiometric mixture fraction (grey,
dashed-dotted line) is Zst = 0.058.
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Figure 6.22: Flamelet solution profile for 2-MTHF/DnBE blend for load point
4. Temperature (red, solid line), PDF (green, dashed line), NOx mass fraction
(blue, dashed line), and CO mass fraction (black, dotted line). Top: at 5 ◦CA
after TDC, bottom: at 120 ◦CA after TDC. Stoichiometric mixture fraction (grey,
dashed-dotted line) is Zst = 0.058.
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6.3 n-C8 fuels with detailed chemistry
6.3.1 Comparison of experimental and computational results
Figures 6.23 and 6.24 compare pressure traces and heat release rates (HRR)
for DnBE from the diesel engine experiments (see Chapter 5.2) and the
computational results. The ignition timing from the simulations is too early
for the lower load points 1 and 2 (see Table 5.4), and the subsequent heat
release rate is underestimated. However, the resulting peak pressure matches
the experimental values well. For load points 3 and 4, the ignition timing
matches the experiments quite well, while the heat release rate is slightly
overestimated, yielding overestimated peak pressures. The oscillations in
the experimental pressure traces and corresponding heat release rates are
attributed to oscillations of the pressure transducers, which should not be
observed in the simulations.
Figures 6.25 and 6.26 compare pressure traces and heat release rates for
n-octanol from the diesel engine experiments and the corresponding computa-
tional results. The simulations slightly overestimate the two-stage ignition
behavior of n-octanol for the lower load points 1 and 2. However, for all cases,
ignition timing, peak pressure, and heat release rate from experiment and
simulation agree well.
Comparing the heat release rates for DnBE and n-octanol from Figs. 6.23
and 6.25, it is interesting to note that experimental heat release rates are
almost identical for load point 1 (top of Figs. 6.23 and 6.25), while computed
heat release rates are quite different. For load points 2 and 3, experimental
peak heat release rates for n-octanol are about a factor of two higher than for
DnBE, which is reproduced by the simulations.
Figures 6.27 and 6.28 compare pressure traces and heat release rates for
n-octane from engine experiments with the numerical results. The ignition
behavior of n-octane is matched across all load points. For the lower load
points 1 and 2, ignition timings and peak pressures from experiment and
simulation match very well. First stage ignition is slightly overestimated by
the simulations, but to a much lesser degree than for n-octanol (Fig. 6.25).
For load points 3 and 4, the simulations predict slightly too short ignition
delays followed by overestimated heat release rates and peak pressures.
In summary, while there are some differences between experiments and
simulations, the trends for the different load points and among the different
fuels seem to be well captured.
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Figure 6.23: Pressure traces (left scale) and heat release rates (right scale) for
DnBE. Load points 1 (top) and 2 (bottom) from engine experiment (red, solid line)
and simulation (blue, dashed line).
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Figure 6.24: Pressure traces (left scale) and heat release rates (right scale) for
DnBE. Load points 3 (top) and 4 (bottom) from engine experiment (red, solid line)
and simulation (blue, dashed line).
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Figure 6.25: Pressure traces (left scale) and heat release rates (right scale) for
n-octanol. Load points 1 (top) and 2 (bottom) from engine experiment (red, solid
line) and simulation (blue, dashed line).
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Figure 6.26: Pressure traces (left scale) and heat release rates (right scale) for
n-octanol. Load points 3 (top) and 4 (bottom) from engine experiment (red, solid
line) and simulation (blue, dashed line).
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Figure 6.27: Pressure traces (left scale) and heat release rates (right scale) for
n-octane. Load points 1 (top) and 2 (bottom) from engine experiment (red, solid
line) and simulation (blue, dashed line).
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Figure 6.28: Pressure traces (left scale) and heat release rates (right scale) for
n-octane. Load points 3 (top) and 4 (bottom) from engine experiment (red, solid
line) and simulation (blue, dashed line).
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In the engine experiments, very low soot and NOx emissions were obtained.
Experimental soot levels were below measurement accuracy, thus soot is
not considered in the following. For n-octanol, especially for the low load
operation points 1 and 2, the emissions of unburned hydrocarbons (HC) and
CO were rather high.
Figures 6.29 to 6.31 show the emissions at exhaust valve opening in a
comparison of experiments and simulation results for load points 1 to 4.
Regarding CO emissions, the simulations overestimate the experimental results,
while the trend is clearly reproduced across all fuels. NOx emissions are
underestimated by the simulations for DnBE and n-octanol, but the trend is
captured well. For n-octane, the trend is captured with slightly overpredicted
values across all load points. For unburned hydrocarbons (HC), the trend of
decreasing emissions with increasing load is reproduced by the simulations.
For load point 1, the simulations for all fuels strongly overestimate the
experimental results.
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Figure 6.29: CO (top), NOx (middle), and HC (bottom) emissions from experiment
(red) and simulation (blue) for DnBE. Load points 1 to 4.
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Figure 6.30: CO (top), NOx (middle), and HC (bottom) emissions from experiment
(red) and simulation (blue) for n-octanol. Load points 1 to 4.
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Figure 6.31: CO (top), NOx (middle), and HC (bottom) emissions from experiment
(red) and simulation (blue) for n-octane. Load points 1 to 4.
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6.3.2 Emission sources, fuel effects
To analyze where the CO emissions originate and how this is related to fuel
properties, the flamelet solutions for DnBE and n-octanol are discussed for
load point 1 in the following. Figure 6.32 shows temperature, CO mass
fraction, and the mass averaged PDF for load point 1 for DnBE at 10 ◦CA
after TDC, just after the main heat release, and at exhaust valve opening
(120 ◦CA aTDC). Figure 6.33 shows the same information for n-octanol. For
clarity, only the range from Z = 0 to Z = 0.2 is shown, although computations
included the complete range from zero to one.
At 10 ◦CA aTDC, DnBE is fully ignited (upper part of Fig. 6.32). As
expected, the temperature is highest at the stoichiometric mixture fraction.
The PDF is broadly distributed with a substantial amount of unmixed air
present at Z = 0, indicating a stratified operation with high levels of scalar
dissipation. At Zst, the CO mass fraction rises sharply towards the rich side.
At the very lean side (Z < 0.025), a small amount of CO is also present. At
exhaust valve opening (lower part of Fig. 6.32), the temperature has decreased
substantially due to expansion. The PDF is narrower, indicating a more
homogeneous mixture, and it is mostly confined to the lean side. At very lean
conditions, some CO still remains. For DnBE, CO originates hence from two
regions: from very lean mixture, were it was too cold to burn the CO, and a
small amount also from close to stoichiometric, where CO mass fraction and
PDF overlap in the flamelet. For n-octanol, the upper part of Fig. 6.33 shows
a substantially different flamelet structure at 10 ◦CA aTDC. Due to the earlier
injection, mixing has proceeded more compared to the DnBE case, and the
PDF stretches over a smaller mixture fraction range. The steep temperature
gradient on the lean side results from a comparably low dissipation rate which
leads to a lean partially premixed reaction front. This front burns very slowly
and leaves the very lean premixed fuel/air mixture partially oxidized. The
high CO emissions for n-octanol therefore originate from the lean regions
where, because of the low dissipation rates, mixing is so slow that CO cannot
be transported to the reaction zone and be converted to CO2. At exhaust
valve opening (lower part of Fig. 6.33), the temperature has decreased as
in Fig. 6.32. The PDF is narrow with a strong peak, indicating an almost
homogeneous mixture. The CO mass fraction at lean mixture is distinctly
higher than for DnBE, explaining the difference in CO emissions from DnBE
and n-octanol.
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Figure 6.32: Temperature (red solid line), CO mass fraction (blue dash dotted
line), and PDF (green dotted line) in flamelet space at 10 ◦CA aTDC (top) and at
exhaust valve opening (bottom) for load point 1 for DnBE. Stoichiometric mixture
fraction (vertical grey double dotted line) is Zst = 0.0515.
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Figure 6.33: Temperature (red solid line), CO mass fraction (blue dash dotted
line), and PDF (green dotted line) in flamelet space at 10 ◦CA aTDC (top) and
at exhaust valve opening (bottom) for load point 1 for n-octanol. Stoichiometric
mixture fraction (vertical grey double dotted line) is Zst = 0.0538.
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6.3.3 Fuel effects on combustion and mixture formation
In the following, simulations of n-octanol, DnBE, and n-octane combustion
will be compared to discuss the effect of the fuel properties on mixture
formation, combustion, and pollutant formation in more detail.
Pressure traces
Figures 6.34 and 6.35 compare the pressure trace for the three investigated
fuels for load points 1 to 4.
For the lower load points 1 and 2, n-octanol and n-octane exhibit higher
peak pressures and steeper pressure gradients than DnBE. This is due to
the lower ignitability of n-octanol and n-octane, yielding a long ignition
delay and a big fraction of premixed heat release. In addition, n-octanol
shows a pronounced two-stage ignition behavior, which was also found in the
experimental data. DnBE ignites very early with a very smooth pressure
gradient. This yields a much more mixing controlled combustion, as will
be further discussed in the context of Fig. 6.37 below. For load point 3,
n-octanol and n-octane behave very similarly with a little offset in ignition
timing reflecting the different cetane ratings. For load point 4, DnBE ignites
quite early, followed by n-octane and n-octanol. The high peak pressures of
DnBE and n-octane are deficiencies of the respective simulations (compare
Figs. 6.24 and 6.28).
Emissions
In Fig. 6.36, CO, NOx, and HC emissions are plotted for the three different
fuels. For all fuels, the CO and HC emissions decrease with increasing load.
For load point 4, the difference between the fuels is marginal, but for all other
load points, the CO emissions are ordered inversely to the cetane rating of
the fuels. Differences in CO emissions are attributed to differences in ignition
delay time, as discussed for the example of load point 1 in the context of
Figs. 6.32 and 6.33 above. Longer premixing yields more very lean mixture
and thus more CO. Similar to CO, HC emissions are ordered inversely to the
cetane rating of the fuels, with n-octanol as the lowest CN fuel exhibiting the
highest HC emissions. Regarding NOx emissions, all fuels follow the same
trend, since EGR rates were set to keep the NOx emissions within Euro 6
regulation limits.
95
6 Diesel engine results
 0
 20
 40
 60
 80
 100
-40 -30 -20 -10  0  10  20  30  40
Pr
es
su
re
 [b
ar]
CA
n-Octanol
DnBE
n-Octane
 0
 20
 40
 60
 80
 100
-40 -30 -20 -10  0  10  20  30  40
Pr
es
su
re
 [b
ar]
CA
n-Octanol
DnBE
n-Octane
Figure 6.34: Pressure traces for n-octanol (red solid line), DnBE (blue dash-dotted
line), and n-octane (black dotted line). Load points 1 (top) and 2 (bottom) from
simulations.
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Figure 6.35: Pressure traces for n-octanol (red solid line), DnBE (blue dash-dotted
line), and n-octane (black dotted line). Load points 3 (top) and 4 (bottom) from
simulations.
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Figure 6.36: CO (top), NOx (middle), and HC (bottom) emissions for n-octanol
(red), DnBE (blue), and n-octane (black). Load points 1 to 4 from simulations.
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Scalar dissipation and heat release
In Fig. 6.37, the mean scalar dissipation rates χ̂st and the heat release rates
are plotted for load points 1 and 4 for all fuels. The scalar dissipation rate
conditioned on stoichiometric mixture, χ̂st, represents diffusive and mixing
effects in the flamelet. For all cases, it decreases strongly after the injection
has finished. For load point 1, the differences between the fuels are most
obvious. The injection of n-octanol takes place very early, followed by a
relatively long ignition delay. A recongnizable first ignition stage at low levels
of scalar dissipation and a very strong main heat release event due to the
large quantity of premixed charge formed during the ignition delay period
follow. N -octane is injected closer to TDC and the ignition delay is distinctly
shorter, as suggested by the higher CN of n-octane compared to n-octanol.
The maximum value of scalar dissipation is higher for n-octane. This is due
to the higher back pressure and temperature at the moment of injection and
also the fuel’s evaporation properties. The higher volatility, lower viscosity,
and lower enthalpy of vaporization of n-octane compared to n-octanol lead to
faster evaporation of the spray, yielding larger source terms for the mixture
fraction variance equation. A first ignition stage is recognizable, but closer
to the main ignition. Due to the relatively long ignition delay and the fast
evaporation and mixing of n-octane, the main heat release event is even more
intense than for n-octanol. DnBE is injected latest, but ignites first. This
leads to a completely different regime under which the heat release takes
place. The scalar dissipation during combustion is rather high, yielding a
relatively low maximum heat release rate and a longer combustion duration.
This is also reflected by the smoother pressure gradient for DnBE in the top
of Fig. 6.34.
For load point 4, differences between fuels are distinctly lower, as is the case
for emissions and pressure traces. The ignition timings are ordered according
to cetane ratings. Interestingly, in the experiments DnBE had to be injected
earlier than n-octanol in order to produce the same center of combustion.
This is due to the premixed burn peak of n-octanol directly after TDC.
6.3.4 Cetane rating and fuel spray properties
From the top of Fig. 6.37 and Tables 5.8 and 5.9, it is observed that for load
point 1 fuel injection for n-octanol has to take place 4.6 ◦CA earlier than
for n-octane. At this load point, the engine is operated at 1500 rpm, so 4.6
◦CA correspond to roughly 0.5 ms. While the differences in injection timings
and ignition delays are in accordance with the cetane ratings of the fuels
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Figure 6.37: Scalar dissipation rate χ̂st (lower part of plots, left scale) and heat
release rates (upper part of plots, right scale) for n-octanol (red solid lines), DnBE
(blue dash dotted lines), and n-octane (black dotted lines). Load points 1 (top) and
4 (bottom) from simulations.
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(compare Table 3.4), it is surprising that homogeneous ignition delay times at
comparable conditions, see Fig. 3.5, show small differences.
The cetane rating of a fuel combines spray and injection properties, mixture
formation, and properties of auto-ignition chemistry in one parameter. While
this is convenient for practical applications, the influence of individual fuel
properties and fuel molecular structure on combustion properties should be
discussed here in more detail. Liquid viscosity and heat of evaporation of
n-octanol and n-octane are quite different, so it is reasonable to assume that
this difference contributes to the different cetane ratings of the fuels. Due to
the separate treatment of injection and mixture formation on the one hand
and reaction chemistry on the other hand in the RIF approach, it is possible
to investigate physical fuel property effects and chemical effects individually.
To study the effect of fuel spray properties, simulations for n-octanol were
repeated for all four load points using the physical properties of n-octane, but
otherwise the same settings as for the n-octanol simulations (see Tab. 5.8).
If evaporation had a strong influence on the cetane number, this simulation
should then show marked differences to the earlier n-octanol simulations.
Results for load point 1 are presented and discussed in Figs. 6.38 and 6.39,
as the fuel effects are most distinct for this load point. From the pressure
traces in Fig. 6.38, it is observed that the altered spray properties slightly
affect burn rate and peak pressure, while the ignition timing remains almost
unaffected, compared to the n-octanol reference case. Figure 6.39 compares
scalar dissipation and heat releas rates. Due to the faster evaporation, the
peak value of χ̂st for the mixed case is higher than for n-octanol. After end
of injection, the scalar dissipation rates strongly decrease and only marginal
differences remain between n-octanol and the mixed case. The main heat
release event is slightly later for the test case than for the n-octanol case.
Despite the same chemistry and same scalar dissipation rate during and shortly
before the main heat release event, the initially higher scalar dissipation rate
marginally delays the ignition for the test case. For n-octane, the χ̂st peak
is lower than for the test case using n-octanol chemistry and n-octane spray
properties due to the fact that more fuel mass has to be injected with n-
octanol chemistry for the same heating value to compensate the fuel oxygen
content of n-octanol. Also for the other load points, results revealed a distinct
influence on the scalar dissipation rate, with higher values due to the faster
evaporation of the fuel, but surprisingly little effect on ignition timing and
emissions. Hence, the difference in cetane ratings between n-octanol and
n-octane is apparently not influenced much by the fuel’s properties affecting
the evaporation behavior.
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Figure 6.38: Pressure traces from simulations for load point 1 for n-octanol (red
line), n-octane (black line), and the testcase using n-octanol chemistry and n-octane
spray properties (green line).
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Figure 6.39: Scalar dissipation rate χ̂st (lower part of plot, left scale) and heat
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6.3.5 Cetane rating, ignition delay time, and fuel stoichiometry
effects
Another important aspect of mixing is at what proportions of fuel and air
stoichiometric or the most reactive mixture is obtained. Zst is distinctly
lower for n-octane (Zst=0.0439 for the given boundary conditions) than for
n-octanol (Zst=0.0538). This effect can be analyzed quantitatively for the
given conditions. Due to the different enthalpies of evaporation of the fuels
(compare Table 3.4), the temperatures of unmixed fuel vapor (at Z = 1) differ
by about 30 K. This difference, however, is reduced to less than 2 K in the
ignition-relevant stoichiometrie range. Here, both fuels have roughly the same
T(Z) before ignition, which is shown in Fig. 6.40. Mastorakos [95] defined
a most reactive mixture fraction for auto-ignition, which is typically at rich
conditions. This value of mixture fraction is taken here as 1.4 × Zst. These
values are also indicated in Fig. 6.40. It can be seen then in Fig. 6.40 that the
temperature at this condition for n-octane is 735 K, while that of n-octanol
is only 723 K. The ignition delay times for these fuels at rich conditions
and 40 bar are shown in Fig. 6.41. In the engine tests, the pressure during
the ignition delay is subject to change and ranges from 25 bar at start of
injection for n-octanol, which is injected earlier and thus at lower in-cylinder
pressure than n-octane, to about 40 bar at the first stage heat release for both
fuels. Here, 40 bar are taken as a reference pressure, keeping in mind that a
comparison of homogeneous ignition delay times inevitably neglects the effect
of the different pressure-temperature histories of the fuels in the engine tests.
The black circle denotes the ignition delay time for n-octane at 735 K,
which is found to be 1.68 ms. The red circle above shows the ignition delay
time for n-octanol at the same temperature, which is 2.0 ms. This yields a
difference of 0.32 ms or 2.9 ◦CA, which is distinctly less than the difference
observed in the engine tests. The red diamond indicates the ignition delay
time for n-octanol at 723 K. Here, the ignition delay time is found to be 2.6 ms.
This yields a difference of 0.9 ms or 8.1 ◦CA between n-octanol and n-octane,
which shows that this effect is even stronger than the purely chemical effect
and contributes strongly to the observed difference in the cetane ratings of
n-octanol and n-octane.
It should be mentioned here that the above discussion neglects effects of
temperature history and scalar dissipation, which are relevant for diesel engine
ignition. However, the decreased cetane rating of n-octanol is partly attributed
to the lower air requirement of this fuel. While the quantification of this effect
depends on the individual settings, it is a strong effect for oxygenated fuels.
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Six different fuels were studied in diesel engine combustion simulations. For all
fuels, diesel engine test bench data was available for comparison. To validate
the spray representation and fit the parameters of the spray breakup model,
simulations of a spray vessel experiment for diesel fuel and unconventional
fuels were undertaken and the results were compared to the experimental
data.
The reaction chemistries of three of the fuels, namely of a diesel/gasoline
blend, di-methyltetrahydrofurane (2-MTHF), and a blend of 2-MTHF with di-
n-butylether (DnBE) are described by surrogate fuel blends. The methodology
to define the individual surrogate blends is described in detail. The treatment
of the diesel/gasoline blend reaction chemistry by a surrogate follows conven-
tional approaches, where the properties of a fuel consisting of a variety of
liquid hydrocarbons are matched by a reduced set of surrogate components. A
detailed chemical reaction mechanism for a mixture of n-heptane, iso-octane,
toluene, and ethanol, serving as surrogate fuel for the diesel-gasoline blend,
was used for the simulations. Comparison of experimental and numerical
pressure trace, CO, and NOx emissions showed good agreement, confirming
the applicability of the numerical model and the suitability of the used sur-
rogate mechanism. The composition of the surrogate blend was determined
based on cetane number, ethanol content, and hydrogen/carbon ratio of the
experimental fuel. Simulations confirmed that a low temperature combustion
mode was not reached in the experiments studied. An analysis of the com-
puted CO formation in both physical and phase space revealed that the CO
emissions originate from very lean regions in the squish, that are not mixed
with hotter fluid from the bowl region during the expansion stroke. The NOx
emissions were shown to originate from the piston bowl region, where, due
to unsufficient premixing, high combustion temperatures are reached around
TDC.
The treatment of 2-MTHF and the 2-MTHF/DnBE blend by surrogates
presents a new aspect to fuel surrogates. Here, one single and one dual
component fuel with only roughly known reaction chemistry are modeled by
a well defined mixture of fuel components. The respective surrogate fuels
have been compiled according to cetane number, oxygen content, H/C ratio,
and molecular properties of the biofuels. Ignition delay time calculations and
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diesel engine simulations, both using detailed reaction chemistry of a surrogate
fuel, have been compared to the respective experiments for 2-MTHF. The
ignition delay time calculations confirmed the applicability of the surrogate
approach. The assessment of the surrogate for a 2-MTHF/DnBE blend
was limited to engine simulations, as no ignition delay time measurements
were available. For the engine simulations, good results regarding pressure
traces and pollutant emissions were obtained. Heat release rates, however,
were distinctly overestimated by the surrogates, showing the limitations of
the approach. Nevertheless, the comparison to diesel engine experiments
confirmed the proposed approach and the methodology to define the surrogate
composition, and allowed for insight into the pollutant formation processes
in the engine. The increased cetane rating of the blended fuel proved to be
beneficial in terms of CO emissions, minimizing over-leaned, non combustible
mixture.
The other set of fuels consists of the three n-C8 fuels n-octanol, n-octane,
and DnBE. For the simulations of these fuels, detailed chemical reaction
mechanisms are used. Comparison of experiment and simulation shows good
agreement, also with regard to emissions of HC, CO, and NOx. Comparing
the simulations for the three investigated fuels shows that differences in en-
gine operation and CO and HC emissions can be attributed to the different
ignitability, reflected by the different cetane ratings of the fuels. The effect
of the different physical fuel properties is discussed. Although mixture for-
mation and scalar dissipation are affected, these properties do not play a
significant role in the operation range studied. However, it was found that
the stoichiometric mixture fraction is an important quantity. The oxygenated
fuels need less oxygen on a mass basis. Hence, the most reactive mixture
occurs at higher mass fraction of fuel, which leads to a lower temperature of
the mixture where ignition will occur, and hence to longer ignition delays.
For all fuels in this study, the cetane rating gives a very good indication of
engine relevant ignition behavior. Emissions of unburned hydrocarbons und
carbon monoxide from diesel engine operation are strongly correlated to the
inverse of the cetane number. Due to the longer ignition delay with decreasing
cetane number, more very lean mixture is formed, where combustion reactions
cannot be completed.
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